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ABSTRACT 
Many who engage in soil survey have long desired discovery of a remote sensing 
technique that differentiates individual soil series. As research in precision agriculture has 
begun, many other agricultural scientists have also begun evaluating remote sensing tools for 
soil mapping purposes. Soil electrical conductivity (EC), as measured by instruments 
including the Geonics® EM-38, has shown promise as a soil survey tool. Most of the work 
done along these lines to date has involved comparing soil EC patterns to Order 1 or 2 soil 
surveys. It is important that we understand how certain field conditions that might be 
encountered during the course of a typical soil survey affect soil EC readings. Therefore, the 
purpose of this dissertation was to identify field conditions that might affect soil EC readings 
obtained with the EM-38 and then conduct investigations to determine what, if any, affect 
those field conditions had. The relationships between soil moisture and soil EC were 
investigated in the field, and between soil moisture, temperature, carbonate content, and soil 
EC were investigated in the laboratory. The possible influence of diurnal temperature 
changes and changes in bulk density in the upper few cm of the soil on EC readings obtained 
with the EM-38 was studied, as was the possible influence of crop residue cover on soil EC 
readings. Results show that soil water content is often highly correlated to soil EC, and the 
influence of soil water content is at least two orders of magnitude greater than the influence 
of soil temperature or carbonate content in determining soil EC. Diurnal temperature 
fluctuations and crop residues covering the soil surface did not affect soil EC values, but 
changes in bulk density did. Therefore, it was concluded that knowledge of soil moisture 
conditions might allow a soil surveyor to anticipate the expected range of soil EC values for a 
xi 
given soil series on a given day. No compensation needs to be made for diurnal temperature 
changes in the soil or for crop residue cover. However, more work is needed on how bulk 
density affects soil EC readings obtained with the EM-38. 
1 
CHAPTER 1. GENERAL INTRODUCTION 
Large areas of land can be mapped quickly and relatively inexpensively using 
traditional National Cooperative Soil Survey (NCSS) techniques (Miller, 1978; Brevik et al., 
2000a), but such maps commonly lack the detail and accuracy that is increasingly being 
desired for modern agricultural practices such as precision agriculture (Batte, 2000; Brevik et 
al., 2000a). On the other hand, grid mapping is generally regarded as one of the most 
accurate ways to map a field (Buol et al. 1997), but grid mapping is time consuming and 
expensive (Brevik et al., 2000a). For this and other reasons, some soil surveyors have long 
desired discovery of a remote sensing technique that differentiates individual soil series with 
a high degree of accuracy. Over the years a number of geophysical techniques have been 
evaluated as possible soil survey tools in Iowa, such as seismic techniques and ground 
penetrating radar (GPR) (Thomas Fenton, verbal communication). GPR has shown promise 
as a soil survey tool in some areas (Puckett et al., 1990; Collins et al., 1989; Collins and 
Doolittle, 1987; Collins et al., 1986), but none of the methods evaluated to date have proven 
to be overly promising as soil survey tools in Iowa. 
Electromagnetic induction (EM) has been used by geologists for many years (e.g. 
Peters and Bardeen, 1932; Dobrin, 1960; Geyer, 1970; Weidelt, 1971; Wait, 1971), 
particularly to aid in the location of metallic ore deposits (Robinson and Coruh, 1988). In the 
last twenty years, soil scientists have started to make use of EM techniques in field studies as 
well (Jaynes, 1996a). 
Many early soil EM studies involved the identification and delineation of saline soils. 
Williams and Baker (1982) used EM techniques, though not the EM-38, to conduct a 
2 
reconnaissance survey of soil salinity hazards in Australia. They concluded that 65-70% of 
the variance in their soil EC values could be explained by changes in salinity alone, and that 
EM techniques showed significant promise as a rapid method for reconnaissance surveys of 
saline hazards, but that more study was needed to determine the value of EM for more 
detailed salinity surveys. The EM configuration used by Williams and Baker (1982) 
integrated soil properties to a depth of about 15 m, which many soil scientists might consider 
to be too deep for most soil studies. Wollenhaupt et al. (1986) presented a method for 
calibrating EM-38 readings with saturated paste EC readings in North Dakota so that a 
weighted value of soil salinity could be determined in the field based on the EM-38 readings. 
Wollenhaupt et al. (1986) achieved good correlation between their EM-38 readings and 
weighted EC as determined with saturated paste (r2 > 0.90), but noted that their method could 
only be used in soils that are fairly uniform and have a known shape of salinity distribution 
with depth. Therefore, the method developed by Wollenhaupt et al. (1986) does not replace 
soil sampling and testing. However, if the EM-38 is correlated to the information derived 
during sampling and testing additional salinity data can be quickly gathered using the EM-38 
assuming uniform soils and a known shape of salinity distribution with depth. Williams and 
Hoey (1987) used EM techniques, though not the EM-38, to map the spatial variability of the 
salt and clay content of soils in Australia. They found that soil EC, as determined by EM 
techniques, could be used to predict either the salt or clay content of the soils to a depth of 15 
m, with r2 values of 0.78 and 0.73 for salt and clay, respectively. Slavich and Petterson 
(1990) used the EM-38 to estimate the average rootzone salinity in agricultural fields in 
Australia. Slavich and Petterson were able to calculate a linear regression model relating 
rootzone salinity to EM-38 readings with a r2 value of 0.98. 
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EM studies that address soil salinity have continued to receive considerable attention 
in more recent years (i.e. Lesch et al., 1992; Nettleton et al., 1994; Johnston et al., 1997; 
Lesch et al., 1998), and most of these studies report r2 values similar to those discussed in the 
paragraph above. In part because of the success many scientists were experiencing in 
correlating EC readings determined with EM techniques to soil salinity, many other 
applications of EM techniques were investigated. Kitchen et al. (1996) used the EM-38 to 
map the depth of flood deposited sands in Missouri, and reported r2 values of between 0.73 
and 0.94 when correlating inverse EM-38 readings to sand depth. The regression equations 
derived by Kitchen et al. (1996) were different for each of the seven sites investigated, and 
when all data was lumped the r2 value was only 0.47; results from one site could not be 
projected to others. Doolittle et al. (1995b) reported results similar to those of Kitchen et al. 
(1996) when using the EM-38 to map the depth of splay deposits. Sheets and Hendrickx 
(1995) used the EM-31 to measure soil water content, and found that the EM-31 can 
determine the total soil water content of the soil profile with reasonable accuracy if the 
measurements are standardized for soil temperature (r2 = 0.64 with the EM-31 on the ground, 
0.58 with the EM-31 at a height of 89 cm). Khakural et al. (1998) used the EM-38 to 
measure soil water content, and like Sheets and Hendrikx (1995), found a good relationship 
between soil water content and soil EC (r2 = 0.71). The coefficients in the regression 
equations reported by Sheets and Hendrikx (1995) and Khakural et al. (1998) are different, 
however, illustrating the empirical nature of these equations. Doolittle et al. (1994) obtained 
a r2 value of 0.73 for a linear regression model estimating the depth to claypans in Missouri 
based on soil EC measurements made with an EM-38. Herbicide partition coefficients were 
estimated by Jaynes et al. (1995b) for a field in Iowa. After calibrating the EM-38, Jaynes et 
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al. (1995b) mapped the field's herbicide partition coefficient with the EM-38 and found that 
the spatial patterns and structures in the EM-38 map were very similar to the patterns and 
structures of the map generated with traditional, more time consuming, techniques. Jaynes et 
al. (1995a) also attempted to use the EM-38 for yield mapping and found that while the EM 
measurements were correlated to yield, the correlation was not consistent from year to year. 
Review of the literature shows that many researchers, working on a diverse array of 
problems such as estimating soil salinity, mapping the depth of flood deposited sands or the 
depth to claypans, determining soil water content, and mapping herbicide partition 
coefficients have experienced good success using EM techniques. Studies that attempt to 
relate a given soil property to soil EC determined with EM techniques often report r2 values 
greater than 0.7, and r2 values over 0.9 are not uncommon. This has lead to considerable 
interest in EM techniques, because soil EC measurements made with EM instruments can 
usually be made much more quickly then the property the EC measurements are being 
correlated to. For example, Jaynes et al. (1995b) report that their EC measurements took 
about an hour to gather, while it took "many days of field and laboratory effort" to collect 
and process the samples for traditional determination of the herbicide partition coefficient. 
Likewise, Sheets and Hendrickx (1995) estimated that it took them 40 minutes to gather the 
soil EC data from their transect with the EM-31, while it took about a day to gather the same 
information using a neutron probe. However, there are no universal equations relating soil 
EC determined with EM techniques to herbicide partition coefficients, soil water content, or 
any other soil property. EM instruments must be calibrated for each site. 
EM is a non-invasive technique that measures apparent (also known as bulk) soil 
electrical conductivity (EC) (Sheriff, 1989). Apparent conductivity is the conductivity that 
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would be determined if conductivity throughout the volume of soil being measured were 
constant. This is a situation rarely encountered in natural soils, but apparent conductivity 
provides a convenient way to represent soil electrical measurements (Sheriff, 1989). One 
instrument commonly used to measure bulk soil electrical conductivity is the EM-38. The 
EM-38 works when an alternating electric current is passed through a transmitter coil (Tx) 
(Figure 1). This alternating current generates an electromagnetic field (Hp), which in turn 
induces small currents in the soil (Cs) (Figure 1). These small induced currents in the soil 
generate a secondary electromagnetic field (Hs), and both the primary and secondary 
electromagnetic fields are sensed by a receiving coil (Rx) as an induced electrical current 
flowing through Rx (Figure 1). The contribution of Hp to the total field sensed at Rx is a 
known quantity and is removed from the total field, with the remaining field being Hs. The 
EM-38 is designed to operate at low induction numbers (i.e., the induction number is much 
less than unity), therefore the EC of the soil is given by the following equation: 
EC = (2/#«s2)(Hs/Hp) (1) 
where fis the frequency (14,600 Hz for the EM-38), (j.0 is the permittivity of free space, and s 
is the intercoil spacing (1 m for the EM-38) (McNeill, 1980a). 
As an instrument's frequency increases, the currents produced approach the surface of 
the conducting medium, a phenomena known as the "skin effect" (Sheriff, 1989). Therefore, 
an instrument like the EM-38, which has a relatively high frequency compared to other 
electromagnetic sensors, only penetrates a shallow distance into the earth. The skin depth of 
an electrical wave propagating into a homogenous half-space is given by: 
ô = (1MhoCT)i/2 (2) 
Figure 1. Diagram depicting how electromagnetic induction works, where Tx is the 
transmitter coil, Rx is the receiving coil, Hp is the electromagnetic field generated by the 
primary coil, Hs is the electromagnetic field generated by currents induced in the soil, Cs is 
the currents induced in the soil, and s is the distance between the coils. Diagram modified 
from Keller and Frischknecht (1966). 
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where 8 is skin depth and o is true electrical conductivity (McNeill, 1980a). The EM-38 can 
be operated in two basic configurations, the vertical dipole mode and the horizontal dipole 
mode (Figure 2). The dipole orientation also effects the depth of penetration, with the 
effective depth of penetration in the vertical dipole mode being about twice that of the 
horizontal dipole mode (McNeill, 1980a). Figure 3 shows the relative response curves for 
both the vertical and horizontal dipole modes with depth. Note that the greatest relative 
response is at a depth of about 0.4 m in the vertical dipole mode, with very little response 
right at the soil surface. By contrast, the horizontal dipole mode has the greatest relative 
response at the surface and response declines with depth. Approximately 70% of the relative 
response for the vertical dipole mode occurs in the upper 1.5 m of the soil, and about 70% of 
the relative response for the horizontal dipole mode occurs in the upper 0.75 m of the 
Vertical Dipole Horizontal Dipole 
Figure 2. The vertical and horizontal dipole modes, where Tx is the transmitter coil and Rx is 
the receiving coil. Diagram from McNeill (1980b). 
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Figure 3. Depth response curves for the EM-38 in both the vertical and horizontal dipoles. 
Note that 70% of the instrument response comes from the upper 1.5 m in the vertical dipole 
and the upper 0.75 m in the horizontal dipole. Diagram adapted from McNeill (1992). 
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soil. The vertical and horizontal dipole modes are therefore said to have effective depths of 
penetration of 1.5 and 0.75 m, respectively (McNeill, 1980a). 
The relative success experienced with EM studies on a wide range of soil issues and 
the close correspondence between the depth of penetration in the vertical dipole mode (1.5 
m) and the depth of soil description for soil survey purposes (2.0 m) has spurred interest in 
evaluating EM as a possible accurate, inexpensive, and rapid soil mapping technique (Jaynes 
et al., 1993; Doolittle et al, 1995a; Jaynes, 1995; Jaynes, 1996a; Jaynes, 1996b; Fenton and 
Lauterbach, 1998; Brevik et al., 2000b). Preliminary work done with the EM-38 
demonstrates that the EM-38 has promise as a remote sensing soil survey tool in Iowa. 
However, most of the work done in Iowa to date (Jaynes et al., 1993; Jaynes, 1995; Jaynes, 
1996b; Fenton and Lauterbach, 1998; Brevik et al., 2000b) has involved gathering GPS 
referenced EM data, kriging that data and mapping it with SURFER® software (Golden, 
CO.), and comparing the SURFER® generated map to Order 1 or 2 soil surveys (Figure 4). 
While the SURFER® maps generally show a good overall fit to the soil surveys, little work 
has been done to determine how variations in soil properties and other field conditions that 
might commonly be encountered during soil survey effect EM-38 readings. The EC of soil is 
determined by a combination of soluble salts, clay content and mineralogy, soil water 
content, and soil temperature (Khakural et al., 1998; McNeill, 1980b). Therefore, if the EM-
38 is to be used as a soil survey tool, investigations into how alterations in these parameters 
change soil EC readings are needed. 
To understand how and why the EM-38 might work as a soil survey tool, it is 
important to understand the soils and landscapes that the EM-38 is being used in and how the 
factors that effect soil EC change in relation to the landscape. Most of the EM-38 research 
10 
Figure 4. Soil EC map, generated by kriging EM-38 data, compared to an Order 1 soil 
survey. Note that although the two maps do not correspond perfectly, there is a relationship 
between soil landscape position and soil EC values. Namely, soils that are found in higher 
landscape positions (i.e., 138 - Clarion, and 55 - Nicollet) tend to have lower EC values than 
soils found in lower landscape positions (i.e., 107 - Webster, and 6 - Okoboji). Map from 
Thomas Fenton (unpublished data). This field is in Boone County, Iowa. 
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done to date in Iowa has been done in soils formed in till deposits from the Des Moines Lobe 
(Figure 5). During the late Wisconsinan a mass of ice known as the Des Moines Lobe 
covered north central Iowa with up to 480 m of ice (Brevik, 2000). As the glacial ice 
retreated about 14,000 BP it left behind a landscape composed of numerous closed 
depressions with poorly integrated drainage (Kemmis et al., 1981; Prior, 1991). The till that 
comprises this landscape is composed of a mixture of gravel, sand, silt and clay. Studies 
have shown that over the last 14,000 years clay has been preferentially eroded from the hill 
slopes in this landscape and deposited in the depressional areas, creating clay-rich 
accumulations in the depressions (Walker, 1966; Burras and Scholtes, 1987; Steinwand and 
N 
South Dakota 
0 
Des Moines 
Lobe 
Des Moines 
kilometers 
Figure 5. Location of the Des Moines Lobe in Iowa (adapted from Brevik, 2000). 
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Fenton, 1995). Likewise, depth to the water table generally decreases as one moves 
downslope in these closed depressional systems (James and Fenton, 1993; Khan and Fenton, 
1994; Steinwand and Fenton, 1995) as does depth to calcium and magnesium carbonate 
minerals (Khan and Fenton, 1994; Khan and Fenton, 1996). Increases in clay content 
(assuming the same clay mineralogy), water content, and soluble salt content (carbonate 
minerals) are all expected to lead to increased soil EC. Therefore, it can be seen from the 
brief discussion above that in the Des Moines Lobe we should have a relationship between 
topographic position and soil EC, namely, as one moves downslope soil EC should increase. 
There is also a good relationship between soils and topographic position (Walker, 1966; 
Birkeland, 1984; Burras and Scholtes, 1987; Buol et al., 1997). The fact that both the soils 
formed on a landscape and the soil EC values obtained on the Des Moines Lobe are related to 
topographic position gives us reason to be optimistic that the EM-38 may prove to be useful 
as a soil survey tool. 
Clay content and soluble salt content are fairly constant values at any given place 
(i.e., if one were to return to the exact same place numerous times over the course of several 
years, the clay and soluble salt content of the soil should remain the same during each visit). 
However, soil water content and temperature also influence soil EC readings, and both can 
vary dramatically over the course of a field season. In addition, soil temperature can vary 
considerably in the upper few centimeters of the soil over the course of any given day. 
Therefore, it is important to understand how temporal changes in soil water content and 
temperature effect soil EC. It has also been reported that for a given change in soil water 
content, soil EC as measured with the EM-38 will change more in soils with a high salt 
content than in otherwise similar soils with a lower or no salt content (Hanson and Kaita, 
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1997). Because carbonate minerals are present in some Iowa soils, it is important that we 
understand how soil EC measurements made with the EM-38 vary as soil carbonate mineral 
and water contents vary. Finally, when conducting surveys in the spring before planting or in 
the fall after harvest, crop residues of highly variable thickness cover many fields. We need 
to know if these residue covers influence soil EC readings as determined with the EM-38. 
Therefore, the objectives of the studies reported on in this dissertation were: 
1) To document the response of soil EC as measured by the EM-38 over the course of two 
field seasons along a Mollisol catena on the Des Moines Lobe. 
2) To conduct a laboratory experiment investigating the relative influence of soil water, 
temperature, and carbonate content on soil EC. 
3) To investigate the possible influence of daily soil temperature fluctuations on soil EC 
readings as measured with the EM-38. 
4) To investigate the effects of bulk density on soil EC readings as measured with the EM-
38. 
5) To investigate the possible influence of crop residues on soil EC readings as measured 
with the EM-38. 
Dissertation Organization 
This dissertation is presented in seven chapters, each addressing specific items that 
may influence soil EC readings as determined with the EM-38. Chapter 1 is a general 
introduction to electromagnetic induction theory and why the EM-38 may prove useful as a 
soil survey tool in Iowa, along with a brief literature review outlining EM investigations to 
date. Chapters 2 through 6 are journal papers modified to conform to Iowa State University 
14 
dissertation specifications, each composed of an abstract, introduction, materials and 
methods, results and discussion, conclusions, and references list. Each of these chapters will 
be submitted to peer-review journals for publication. Chapter 7 is a general conclusion 
section tying together the various studies, and is followed by the appendices. 
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CHAPTER 2. EVALUATION OF THE RELATIONSHIP BETWEEN 
GRAVIMETRIC WATER CONTENT AND SOIL ELECTRICAL CONDUCTIVITY 
READINGS DETERMINED WITH THE EM-38 ALONG A MOLLISOL CATENA 
A paper to be submitted to the Soil Science Society of America Journal 
Eric C. Brevik and Thomas E. Fenton 
Abstract 
Soil apparent electrical conductivity (EC) as measured by electromagnetic induction 
(EM) using the Geonics® EM-38 has shown promise as a soil survey tool in Iowa and other 
parts of the American Midwest. Soil EC is dependent upon a combination of soluble salts, 
clay content and mineralogy, soil water content, and soil temperature. It would be beneficial 
for soil survey purposes if one of these four variables were highly correlated to soil EC as 
determined with the EM-38, allowing the soil surveyor to accurately estimate the range of 
soil EC values expected for a given soil knowing this one variable. Most soils in Iowa have 
low levels of soluble salts, therefore it is possible that the magnitude and range of soil EC 
measurements could be estimated if soil water content was known. To test this, a 90 m long 
transect was established at the Iowa State University Agronomy Research Farm in Boone 
County, Iowa. Soil EC readings were taken in both the vertical and horizontal dipoles at five 
points along this transect once every one to two weeks from June until early October in 1999 
and 2000. At the same time that soil EC readings were taken, soil samples were collected to 
a depth of 0.9 m with a hand probe for gravimetric moisture analysis, and soil EC readings 
were compared to soil moisture. At four of the five sites, linear regression analysis of the 
data yielded r2 values of 0.71 or higher. Slopes of the regression lines were greater in lower 
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landscape positions, indicating the EC of these soils changes more rapidly with a given 
change in soil moisture. These results indicate that moisture exhibits a strong influence on 
the EC of these soils, and that the EM-38 has its greatest potential to differentiate between 
soils when the soils are moist because moist soils show the largest spread in soil EC readings. 
Introduction 
There has been increasing demand in recent years for soils information more detailed 
than that found in traditional National Cooperative Soil Survey (NCSS) maps for use in 
applications such as precision farming and land valuation. One of the most accurate ways to 
map a field is by grid mapping (Buol et al. 1997), however, grid mapping is time consuming 
and expensive; therefore, it is desirable to find other means of obtaining more detailed soils 
information (Batte, 2000; Brevik et al., 2000a). A remote sensing technique that can 
differentiate soils with a high degree of accuracy would be ideal for precision agriculture 
mapping purposes and could also aid significantly in the daily operations of the NCSS. 
Electrical conductivity (EC) measured by electromagnetic induction (EM) using the 
Geonics® EM-38 is a technique that has shown promise as a soil mapping tool in Iowa 
(Jaynes et al., 1993; Jaynes, 1995; Jaynes, 1996a; Jaynes, 1996b; Fenton and Lauterbach, 
1998). 
Studies focusing on EM techniques have included the use EM to investigate soil 
salinity (i.e. Lesch et al., 1992; Nettleton et al., 1994; Johnston et al., 1997; Lesch et al., 
1998), map flood deposited sands or splay deposits (Kitchen et al., 1996; Doolittle et al, 
1995b), measure soil water content (Sheets and Hendrickx, 1995; Khakural et al., 1998), 
estimate the depth to claypans (Doolittle et al., 1994), find contaminant plumes in 
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groundwater (i.e. Drommerhausen et al., 1995), estimate herbicide partition coefficients 
(Jaynes et al., 1995b), and yield mapping (Jaynes et al, 1995a). EM has also shown promise 
as a technique for estimating vadose-zone recharge (Allison et al., 1994). Many of these 
studies have experienced good success using EM techniques. Studies that attempt to relate a 
given soil property to soil EC, such as soil salinity, the depth of flood deposited sands or the 
depth to claypans, and determining soil water content, often report r2 values greater than 0.7, 
and r2 values over 0.9 are not uncommon. 
The success experienced with EM studies on such a wide range of soil issues has 
spurred interest in evaluating EM as a possible accurate, inexpensive, and rapid soil mapping 
technique (Jaynes et al., 1993; Doolittle et al, 1995a; Jaynes, 1995; Jaynes, 1996a; Jaynes, 
1996b; Fenton and Lauterbach, 1998; Brevik et al., 2000b). However, most of these studies 
have compared soil EC patterns to soil surveys. If EM is to be used as a soil-mapping tool, it 
is important that various factors that may influence soil EC readings obtained with the EM-
38 be evaluated. 
EM is a non-invasive technique that measures soil EC by inducing an electrical field 
in the soil. In the vertical dipole, the EM-38 integrates soil properties to a depth of about 1.5 
m to obtain an apparent soil EC value, while in the horizontal dipole soil properties are 
integrated to a depth of about 0.75 m (McNeill, 1980b). It has been reported that soil EC is 
controlled by a combination of soluble salts, clay content and mineralogy, soil water content, 
and soil temperature (McNeill, 1980a). It would be beneficial for soil survey purposes if one 
of these four variables proved to be highly correlated to soil EC, allowing the soil surveyor to 
accurately estimate the range of soil EC values expected for a given soil series when this one 
variable was known. In Iowa, where most soils have low levels of soluble salts, it is possible 
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that the magnitude and range of soil EC measurements could be estimated if soil moisture 
was known. This study investigates the relationship between soil moisture and soil EC 
readings, as determined with the EM-38, along a Mollisol catena in central Iowa. 
Materials and Methods 
A Mollisol catena located at the Iowa State University Agronomy Farm in Boone 
County, Iowa was chosen for this study. The soil properties of this catena have been studied 
in detail previously (Khan, 1991; Khan and Fenton, 1994), and it has been shown to have a 
fairly typical progression of soils expected for the Des Moines Lobe based on soil-landscape 
relationships. Soil EC was determined with the EM-38 at five set locations once every one to 
two weeks starting in June and running through early October in 1999 and 2000 (Figure 1). 
Soils at the first and second locations are Clarion (fine-loamy, mixed, superactive, mesic 
Typic Hapludolls), at the third location is Nicollet (fine-loamy, mixed, superactive, mesic 
Aquic Hapludoll), at the fourth is Knoke (fine, smectitic (calcareous), mesic Vertic 
Endoaquoll) and at the fifth is Canisteo (fine-loamy, mixed (calcareous), superactive, mesic 
Typic Endoaquoll). Soil EC readings were taken 2 m south of five permanently installed 
monitoring wells, one well at each soil location. At the same time soil EC readings were 
taken, soil samples for gravimetric water content determination were collected in 0.15 m 
intervals to a depth of 0.9 m, giving six samples at each site. The 0.9 m depth was chosen 
because that is the maximum depth obtainable with a standard 0.013 m diameter hand probe. 
Soil samples were labeled and stored in sealed plastic bags until gravimetric water content 
could be determined by drying the soil for 24 hours at 105°C (Jury et al., 1991). For this 
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Figure 1. Cross-section of the study site, showing the location of the sites where soil EC was 
determined with the EM-38, the soil at each site, and the landscape position of each site. 
Figure from Khan (1991). 
study, the gravimetric water content of the six samples collected at each site was averaged to 
give gravimetric water content in the upper 0.9 m of the soil. 
Results and Discussion 
Figures 2 through 6 show soil EC results over the course of the summer at each of the 
five locations. During the summer of 1999, the trend at each of the five sites was one of 
fairly steady readings through most of the summer, with a decline in soil EC readings 
beginning in early to mid September. In 2000, the trend at each site was a slight increase in 
readings through June and into early July, followed by a steady decline after mid July. 
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Figure 2. EM-38 readings at the Clarion (summit) site (Figure 1). 
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Figure 3. EM-38 readings at the Clarion (shoulder) site (Figure 1). 
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Figure 4. EM-38 readings at the Nicollet (backslope) site (Figure 1). 
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Figure 5. EM-38 readings at the Knoke (depression) site (Figure 1). 
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Figure 6. EM-38 readings at the Canisteo (toeslope) site (Figure 1). 
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Figure 7 shows monthly precipitation during the study and how that precipitation 
compares to the average monthly precipitation in Boone County. Although no soil EC 
readings were collected in May, the May precipitation data gives an idea as to the amount of 
moisture available to the soil in the weeks immediately prior to the start of the experiment in 
June. Note that in each month of 1999, from May through August, rainfall was above 
average. In addition, the amount of rain that fell in each month from May through August 
was roughly equal. Precipitation decreased by a considerable amount in September, the same 
time that soil EC readings made a marked decline during 1999. Central Iowa received less 
than average rainfall during most of the summer of 2000 (Figure 7). There was a period from 
mid June through early July that the Agronomy Farm received a considerable amount of 
precipitation (9.14 cm of rain fell over a 26 day period, with rain falling on 19 of those 26 
days), and this period can be seen as the increased soil EC readings that are particularly 
noticeable in late June and early July in Figures 5 and 6. These increases are followed by a 
steady decline in soil EC readings as low rainfall levels persisted through the rest of the 
summer. From these observations of the data for 1999 and 2000 it appears that there may be 
a good correlation between soil EC readings and soil moisture, which would be expected to 
closely follow the precipitation patterns. 
In an attempt to determine if there is a relationship between soil moisture and soil EC 
values, linear regression analysis was used. Plots of the data are shown in Figures 8 through 
17, and the r2 values from the linear regression analysis are given in Table 1 with other site 
specific information. At four of the five research sites, the r2 values are greater than 0.70, 
indicating the variations in gravimetric soil water contents predict a large portion of the 
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Figure 7. Average monthly rainfall for Boone County, Iowa (Andrews and Dideriksen, 1981), and the rainfall during this study 
(1SU Extension, 2000). 
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Figure 8. Soil EC in the vertical dipole vs. water content at the Clarion (summit) site (Figure 1). The linear regression line is also 
shown. 
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Figure 9. Soil EC in the horizontal dipole vs. water content at the Clarion (summit) site (Figure I). The linear regression line 
also shown. 
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Figure 10. Soil EC in the vertical dipole vs. water content at the Clarion (shoulder) site (Figure 1). The linear regression line 
also shown. 
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Figure 11. Soil EC in the horizontal dipole vs. water content at the Clarion (shoulder) site (Figure 1). The linear regression line is 
also shown. 
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Figure 12. Soil EC in the vertical dipole vs. water content at the Nicollet (backslope) site (Figure .). The linear regression line is 
also shown. 
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Figure 13. Soil EC in the horizontal dipole vs. water content at the Nicollet (backslope) site (Figure 1). The linear regression line 
is also shown. 
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Figure 14. Soil EC in the vertical dipole vs. water content at the Knoke (depression) site (Figure 1). The linear regression line 
also shown. 
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Figure 15. Soil EC in the horizontal dipole vs. water content at the Knoke (depression) site (Figure 1). The linear regression line 
also shown. 
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Figure 16. Soil EC in the vertical dipole vs. water content at the Canisteo (toeslope) site (Figure 1). The linear regression line 
also shown. 
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Figure 17. Soil EC in the horizontal dipole vs. water content at the Canisteo (toeslope) site (Figure 1). The linear regression line is 
also shown. 
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Table 1. Weighted clay and carbonate mineral content in the upper 0.9 m of the soils at the 
study site (from Khan, 1991), depth to carbonate minerals (from Khan, 1991), and the r2 
values and number of observations (n) from the linear regression analysis. 
Site Clay 
% 
Carbsb 
% 
Depth to 
Carbsb (cm) 
r2 
Vertical 
n 
Vertical 
r 
Horizontal 
n 
Horizontal 
Clarion 1 27.5 0 113 0.7068 20 0.7328 20 
(summit) 
Clarion 2 25.4 0 110 0.7469 22 0.7363 22 
(shoulder) 
Nicollet 24.6 0 106 0.9059 22 0.8623 22 
(backslope) 
Knoke 32.2 2.5 0 0.8347 25 0.7907 25 
(depression) 
Canisteo 31.5 4.0 0 0.5071 24 0.5869 24 
(toeslope) 
b - carbonate minerals, referring to calcite and dolomite 
variability in soil EC readings along this transect. The regression models are significant at 
the 1% level of significance for both the horizontal and vertical dipoles at all five sites, as 
determined with an F test. Clay content at the five sites in this study can essentially be 
grouped into two levels, about 26% at the two Clarion sites and the Nicollet site and about 
32% at the Knoke and Canisteo sites. As a general trend, r2 values decline as clay content 
increases. The one exception to this is seen in the Knoke. However, it is worth noting that 
without the five data points below 23% gravimetric water content (Figures 14 and 15), the r2 
values for the Knoke are 0.43 and 0.42 in the vertical and horizontal dipoles, respectively. 
Therefore, the noted relationship between r2 values and clay content seems to hold in the 
Knoke as well except for during very dry periods. The decline in r2 values that corresponds 
with increasing clay content indicates that the importance of clay in determining soil EC 
values probably increases as clay content increases. Likewise, the low r2 values in the 
Canisteo and moist Knoke indicate that in these soils factors other than moisture, such as clay 
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content and/or carbonate minerals (calcite and dolomite), have a greater role in determining 
soil EC values than they do in the Clarion and Nicollet soils. 
The slopes from the regression analysis tend to increase from the hill summit to the 
toeslope (Table 1), indicating that each unit change in gravimetric soil water content causes a 
greater change in soil EC readings as one proceeds downslope (Figure 1). This may be 
because the depth to carbonate minerals decreases in the downslope direction (Table 1) and 
the interaction of increasing water content with the carbonate minerals leads to the increased 
regression slope, or influence. From a soil survey perspective, the increased slopes mean that 
as soil water content decreases, the difference in EM-38 readings between different soils also 
decreases. This is demonstrated in Figure 18. Notice that in Figure 18 at Observation 0, the 
difference in soil EC values between the Clarion and Canisteo soils is approximately 40 
mS/m and the difference between the Clarion and Nicollet soils is about 15 mS/m. These 
readings came from June 1999, when the soil was very moist. At Observation 4, readings 
taken in September 2000, these same differences have decreased to approximately 25 and 5 
mS/m, respectively. Therefore, if the EM-38 is to be used as a soil survey tool, the largest 
differences in readings between soils, and therefore the best chance to differentiate soils, will 
occur when the soils are moist. 
The fact that the EM-38 does respond well to gravimetric water contents in many 
instances indicates that it may be useful to set up some form of sliding scale if the meter is to 
be used for soil survey (Figure 19). For any given soil series, this scale would list the soil 
water ranges expected for a given series, break those ranges down into dry, moist, or wet 
categories, and then list the expected soil EC values, as determined with the EM-38, under 
each condition (Table 2). It should be possible to estimate whether the soil in a given area is 
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Figure 18. Soil EC readings determined with the EM-38 in the vertical dipole and the difference in readings as a function of soil 
water content. Soil water decreases from Observation 0 to Observation 4. 
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Figure 19. Concept of a sliding scale to be constructed for soil series to guide use of the EM-
38 for soil survey purposes. A, B. C, and D represent numerical values of soil EC and 
moisture. 
Table 2. Example values for the sliding scale concept, derived from the 
results of this study. EC values are for readings taken in the vertical dipole. 
Soil Moisture Moisture Expected Soil EC Soil EC Range 
Range Condition Values (mS/m) for Soil Series 
(mS/m) 
Clarion 12-16 Dry 18-22 12 
16-22 Moist 20-28 
22-26 Wet 24-30 
Nicollet 14-18 Dry 23-30 25 
18-22 Moist 29-38 
22-26 Wet 34-48 
Knoke 20-24 Dry 36-46 39 
24-28 Moist 46-62 
28-32 Wet 60-75 
Canisteo 23-26 Dry 49-57 21 
26-29 Moist 51-68 
29-32 Wet 56-70 
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dry, moist, or wet by knowing the general climatic conditions that have prevailed over the 
course of a year. The general moisture condition of the soil for any part of the state can also 
be estimated using information available through the Iowa State University Extension 
Service (Figure 20). 
Iowa Subsoil MoistureSpring 2000 
4.5 .43 
Soil Moisture 
• 0.1 -2 5.8 4.715.1 
•  4 - 6  4^6 15.3 ks»U.3 , 
6 - 1 5  
Total Precipitation, May 1 through 
September 17, 2000 
(inches of water in 
top 5 feet of soil) 
Total Potential Evapo-transpiration, 
May 1 through September 17, 2000 
V 
J v 
Gamratari m tÛflÊJM #**4:38 (mriud m m/it*» es:*;* 
Figure 20. Examples of information available from the Iowa State University Extension 
Service that can be used to help determine general soil moisture conditions. By knowing the 
initial soil moisture state, how much precipitation has fallen, and how much evapo-
transpiration has taken place, the soil can be assigned to dry, moist, or wet categories as 
shown on Figure 19 (ISU Extension, 2000). 
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Because the EC of soils low in the landscape tends to change more per unit change in 
soil water than the EC of soils higher in the landscape, the EM-38 probably has the most 
potential to differentiate between soils in the spring and during years that have abundant 
precipitation. The EM-38 may prove less useful in the fall or during periods of drought, as 
differences in EC between soils narrows. However, it is encouraging that the EC of all the 
soils in this study responded in a similar way to decreasing soil moisture, even if the 
magnitude of the response changed. It is also important to point out that no soil EC range 
proved to be unique to one and only one soil in this study. For example, the moist end of the 
Nicollet EC readings crossed over with the dry end of the Knoke readings in this study, and 
the Knoke readings bracketed the Canisteo readings (Table 2). 
The EM-38 would not have been useful at this site in separating the Knoke from the 
Canisteo, as they often had very similar soil EC's (Figure 18). This is not surprising, as the 
clay content of the Knoke and Canisteo in this transect are very similar, and both soils 
contain similar levels of carbonate minerals. Brevik et al. (2000b) have shown that the EM-
38 was not useful for differentiating between lacustrine derived soils in central Iowa that had 
very similar clay contents. However, the EM-38 was useful for differentiating the Clarion 
from the Nicollet and the Nicollet from the Knoke in this study, indicating that these soils 
have properties dissimilar enough that the EM-38 may be useful in differentiating between 
them. It is in situations such as this that the EM-38 has potential as a soil survey tool. It will 
not replace a trained soil surveyor because it can not differentiate all soils. However, a soil 
surveyor could use the EM-38 as an aid during soil mapping. One way that the EM-38 may 
prove useful is if it is carried with the field crews. Selected soil interpretations made using 
soil landform relationships could be checked with the EM-38. If the soil EC reading 
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corresponds to the soil expected at a given site, based on soil landform relationships, then the 
soil can be considered "checked". If the soil EC reading does not correspond to the soil 
expected at the site, then a soil probe could be used to further investigate the site. Because 
the EM-38 takes only a few seconds to use, as opposed to several minutes to check a site 
with a soil probe (Brevik et al., 2000a), more locations could be checked during the course of 
a county survey by using the EM-38. Such use of the EM-38 would require that soil 
surveyors be well trained in which soils the EM-38 can differentiate and which ones it can't, 
and in the expected readings for soils within their survey area. Much work is still needed to 
establish these expected ranges throughout Iowa. 
Conclusions 
In many instances, soil water content was shown to exert a significant influence on 
soil EC. Changes in just one variable, soil water content, accounted for 50% of the 
variability in soil EC readings even at the "worst case" sites in this study. These results 
suggest that having a general understanding of the soil water state in an area being surveyed 
could allow the surveyor to anticipate the magnitude and range of soil EC readings expected 
for any given soil series. This could allow the establishment of a sliding scale to aid the soil 
surveyor in using the EM-38 as a soil survey tool. 
Changes in soil water content tended to result in larger changes in soil EC as one 
progressed from the hill's summit to the footslope. These soil EC changes were positively 
correlated to soil water content changes, and the greatest difference between the EC values of 
any two soils is obtained when those soils are wet. Therefore, the EM-38 may prove to be a 
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more effective soil survey tool in the spring or at other times when the soil is moist and less 
effective in the fall or during periods of drought. 
While it appears the EM-38 would be useful for differentiating the Clarion from 
Nicollet and Nicollet from Knoke soils in this study, it would not be useful for differentiating 
the Knoke from the Canisteo. The EM-38 has shown promise as a soil survey tool in Iowa, 
but it has also been shown that the EM-38 can not differentiate soils with very similar 
properties such as similar clay and/or carbonate mineral content. Therefore, the EM-38 is not 
a tool that can replace a trained soil survey specialist, just an additional tool that potentially 
can be used by soil surveyors to improve soil mapping and interpretations. 
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CHAPTER 3. EVALUATION OF THE INFLUENCE OF SOIL MOISTURE, 
CALCITE CONTENT, AND TEMPERATURE ON BULK ELECTRICAL 
CONDUCTIVITY 
A paper to be submitted to the Soil Science Society of America Journal 
Eric C. Brevik, Jaehoon Lee, Thomas E. Fenton, and Robert Horton 
Abstract 
Soil electrical conductivity (EC) as measured by the Geonics® EM-38 has shown 
promise as a soil survey tool in many parts of the American Midwest. Soil EC is determined 
by a combination of soluble salts, clay content and mineralogy, soil water content, and soil 
temperature. In order to investigate the possibility of using EM techniques for soil survey 
purposes, it is important that we understand the relative contribution of each of these 
variables to soil EC. To investigate this, a laboratory experiment was set up to determine the 
relative influence of soil water content, temperature, and calcite content on soil EC readings 
using TDR probes. TDR was used as a proxy for the EM-38 because of the large volume of 
soil (at least 1 m3) needed to conduct such an experiment with the EM-38. Loess that had 
been leached of carbonate minerals was used to provide a uniform base material. It was air-
dried and crushed to pass through a 2-mm sieve. A total of 20 different water and calcite 
combinations were prepared. Combinations consisted of five soil water (air dry, 15, 20, 25, 
and 30% gravimetric water) and four calcite content (0,10,20, and 30% by weight) 
treatments. Bulk soil EC was determined for each of these moisture and calcite combinations 
at five different temperatures (10, 15, 20, 25, and 30°C). When calcite content was held 
constant, r2 values for simple linear regression analysis to determine the variability in soil EC 
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that could be explained by soil water content ranged from 0.78 to 0.86. Across all calcite 
contents, soil water content still accounted for 64% of the variability in soil EC. Multiple 
regression analysis showed that the regression coefficient for soil water content was at least 
two orders of magnitude greater than the regression coefficients for calcite content and 
temperature. 
Introduction 
Bulk soil electrical conductivity (EC), as measured by electromagnetic induction 
using the Geonics® EM-38, has shown promise as a soil survey tool in many parts of the 
American Midwest (Jaynes et al., 1993; Doo little et al, 1995; Jaynes, 1995; Jaynes, 1996a; 
Jaynes, 1996b; Fenton and Lauterbach, 1998; Brevik et al., 2000). However, most of these 
studies have compared soil EC patterns to Order 1 or 2 soil surveys, without investigating the 
factors controlling soil EC. If EM techniques are to be used in soil mapping, it is important 
that various factors that may influence soil EC be evaluated. 
The manufacturer of the EM-38 has reported that the EC of soil is determined by a 
combination of soluble salts, clay content and mineralogy, soil water content, and soil 
temperature (McNeill, 1980). However, there is little research looking at these factors and 
their relative influence on soil EC in the soil science literature. Studies that are available 
typically look at only one of these factors, such as soil water content (Sheets and Hendrickx, 
1995; Khakural et al., 1998) or soil salinity (Williams and Baker, 1982; Wollenhaupt et al., 
1986; Lesch et al., 1992, Nettleton et al, 1994; Lesch et al., 1998). Williams and Hoey 
(1987) looked at two factors, the salt and clay content of soil. In each case, these studies 
found good correlation between the factor being studied and soil EC readings, often reporting 
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r2 values of 0.7 or greater. However, if the EM-38 is to be used as a soil survey tool, we need 
to understand the relative importance of the influence of these various factors on soil EC. 
Unfortunately, it is impractical to use the EM-38 for laboratory studies because of the 
large volume of soil (a minimum of approximately 1 m3) that would be needed for each 
treatment. In addition, it is possible that electromagnetic sources such as electrical systems 
would interfere with EM-38 readings taken inside a building. Soil water content and soil EC 
can also be determined using time-domain reflectometry (TDR) probes (Noborio et al., 1994) 
in a much smaller volume of soil. Therefore, this study was designed to investigate the 
influence of soil water content, temperature, and calcite content on bulk soil EC using TDR. 
The influence of clay on soil EC was not investigated during this study. 
Materials and Methods 
This study used 0.15 m long TDR probes imbedded in 0.0016 m3 sealed plastic 
containers (Figure 1). TDR probes actually measure the resistive impedance load of the soil 
material, from which soil EC can be calculated as described by Wraith et al. (1993). It is 
important to note that the absolute soil EC values determined from this study are not the 
same soil EC values that would be determined by the EM-38 for soils with the same 
temperature and water and calcite contents because the EM-38 and the TDR probes operate 
at different frequencies. However, the TDR probes allow us to measure the relative influence 
of soil water content, calcite content, and temperature on soil EC, and it is assumed that these 
relative values will also hold true for the EM-38. 
A uniform base material was needed for this experiment. Loess that had been leached 
of carbonate minerals was collected from an exposure in a quarry run by Wendling Quarries, 
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Figure 1. The TDR probe being packed in the plastic container with soil material (A) and a 
completely packed and sealed container (B). 
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Inc. near Le Grand in Tama County, Iowa, to serve as the base material. The loess was air 
dried and crushed to pass through a 2-mm sieve. To establish the uniformity of the loess, 
particle size analysis was performed using the sieve and pipette method as described by 
Walter et al. (1978) and pH was determined using a 1:1 water dilution (Soil Survey Staff, 
1996) (Table I). The air-dried loess was also oven dried to determine how much 
hygroscopic water was present (Table 1). 
A total of 20 different water and calcite combinations were prepared, consisting of 
five soil water and four calcite content treatments. Each container was packed with 1840 g 
of air dry loess to a common height, 0.5 cm below the top of the container, to maintain a 
constant bulk density. The soil water treatments were prepared by adding the appropriate 
amount of water to the top of each treatment with a graduated cylinder such that the water 
infiltrated as evenly as possible. Treatments were prepared to be air dry, 15, 20,25, and 30% 
water as determined gravimetrically. However, because there is no guarantee that the water 
distributed evenly throughout each of the treatments, volumetric water content was also 
determined using the TDR during each of the soil EC measurements. TDR measures the 
dielectric constant of soil, which can be used to estimate volumetric soil water content using 
the equation developed by Topp et al. (1980). TDR has been shown to give reliable 
volumetric water content values in a number of studies (i.e., Jacobsen and Schjonning, 1993; 
Noborio et al.. 1994; Heimovaara et al., 1995). Therefore, the volumetric water content 
given by the TDR probes should give a reliable measure of the water content within the 
volume of soil whose properties are being measured by the probes, and the volumetric water 
content given by the TDR probes is the value used in this study for each corresponding EC 
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Table 1. Selected properties of the loess base material used for this 
experiment. 
Property n Average 
(%) 
Minimum 
(%) 
Maximum 
(%) 
Standard 
Deviation 
Sand 15 3.1 2.6 3.9 0.4 
Silt 15 66.2 64.8 67.8 0.9 
Clay 15 30.7 29.4 32.3 0.8 
pH 15 6.1 6.0 6.2 0.02 
Hygroscopic 
Water 
15 5.68 5.43 5.93 0.18 
measurement. Calcite contents were 0, 10, 20, and 30% by weight. Bulk soil EC was then 
determined for each of these 20 moisture and calcite combinations at four different 
temperatures (10,20, 30, and 40°C). The range of temperatures used in this study should not 
significantly affect the TDR instrumentation as it is used to determine volumetric water 
contents and electrical conductivity values (Persson and Bemdtsson, 1998), therefore all 
differences seen should be due to soil material changes. 
The calcite source used for this experiment was fine-ground SuperCal 2000, which is 
an agricultural lime. At least 95% of this lime passes through a 100 mesh sieve and 90% 
through a 200 mesh sieve. The lime is guaranteed to be at least 98% CaCOj. To attain the 
various calcite treatments used in this study, appropriate masses of SuperCal 2000 and air 
dried loess were hand-mixed in a plastic bucket until the mixture displayed a uniform color. 
The loess-calcite mixture was then packed into a plastic container with a TDR probe (Figure 
1). De-ionized water was used to bring each treatment to the desired water level. Although 
the use of de-ionized water could lead to the loss of some aggregation within the loess, 
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adding a salt solution would alter the treatments' bulk EC by adding a variable hot otherwise 
accounted for in the experiment and not accounted for in the air dry treatments. A growth 
chamber was used to control temperature at the desired setting, ± 0.5°C, during the 
experiment. The treatments were allowed to equilibrate for 24 hours after each temperature 
change before EC readings and volumetric water contents were taken. 
Results and Discussion 
Results from this experiment were looked at in a number of ways. First, simple linear 
regression was performed on the data to investigate how much of the variation in soil EC 
readings could be explained by variations in soil water, holding calcite constant (Figure 2). 
The following equations resulted from that analysis: 
0% calcite y = 14.87xi -0.19 (1) 
10% calcite y = 24.63xi-1.27 (2) 
20% calcite y = 19.81xi - 1.02 (3) 
30% calcite y = 9.76xt - 0.24 (4) 
where x; is volumetric soil water content. The r2 values and other statistics for equations 1-4 
are given in Table 2. The range of r2 values matches up fairly well with the r2 values 
determined for field sites in Chapter 2 (0.51 to 0.91, four of the five sites were between 0.71 
and 0.91). The narrower grouping ofr2 values in this TDR based study is probably due to the 
controlled clay content in the treatments. 
Next multiple linear regression analysis was performed to investigate the additional 
contribution of soil temperature to explaining variations in soil EC, again holding calcite 
constant. The following equations resulted from that analysis: 
6 
5 
4 
O X 
2 
1 
0 
0.30 0.05 0.10 0.15 0.20 
Volumetric Water Content 
0.25 0.35 0.00 
O 0%Carbs • 10%Carbs A 20%Carbs X 30%Carbs 
^-Linear (0%Carbs) — -Linear (10%Carbs) - - - Linear (20%Carbs) — - Linear (30%Carbs) 
Figure 2. Soil EC values as a function of volumetric water content holding carbonate content constant, and the best fit linear 
regression line for each carbonate content. 
66 
Table 2. Statistics from the moisture simple regression model, 
holding calcite constant in each case. 
Calcite n r2 P-value P-value, P-value, 
(%) for the regression intercept 
model coefficient 
0 19 0.78 0.0001 0.0001 0.52 
10 16 0.84 0.0001 0.0001 0.011 
20 20 0.85 0.0001 0.0001 0.0052 
30 18 0.86 0.0001 0.0001 0.21 
0% calcite y = = 14.6 lx, +0.033x2--0.95 (5) 
10% calcite y = 24.05xi + 0.037x2 -2.10 (6) 
20% calcite y = 19.49x[ + 0.034x2 -1.83 (7) 
30% calcite y = 9.89x[ + 0.020x2 - 0.77 (8) 
where x, is soil volumetric water content and x% is soil temperature. The r2 values and other 
statistics for equations 5-8 are given in Table 3. This regression was done because soil water 
content and soil temperature are the two factors that both influence soil EC and vary at any 
single given position on the landscape over time. In each case, the regression coefficient for 
the contribution of soil water content to the soil EC determination is at least two orders of 
magnitude greater than the regression coefficient for temperature, indicating that soil 
moisture has a larger influence on soil EC than soil temperature. The r2 values are slightly 
better when temperature is included in the regression equation (compare r2 values in Table 2 
to those in Table 3). 
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Table 3. Statistics from the moisture and temperature multiple regression model, 
holding calcite constant in each case. 
r2 
P-value, P-value, 
Calcite n P-value for regression regression P-value, 
(%) the model coefficient coefficient Intercept 
(soil water) (temperature) 
0 19 0.90 0.0001 0.0001 0.0005 0.0029 
10 16 0.91 0.0001 0.0001 0.0088 0.0003 
20 20 0.93 0.0001 0.0001 0.0005 0.0001 
30 18 0.92 0.0001 0.0001 0.0023 0.0015 
Finally, all the soil EC data were lumped together and regression analysis performed. 
With calcite values ranging from 0 to 30% by weight and temperature values ranging from 
10 to 40°C, simple linear regression was performed to see how much of the variation in soil 
EC could be explained by changes in soil water content alone, giving the following equation: 
y= 15.l7x,-0.41 (9) 
Even under these conditions, soil water content explained 64% of the variation in soil EC 
readings. Next, stepwise multiple linear regression was performed to investigate how much 
of the variation in soil EC could be explained by changes in soil water content and 
temperature and to see what the relative contribution of each of these variables was to the 
change in soil EC. When stepwise multiple regression was used to see how much variation 
in soil EC could be explained by changes soil water and temperature, the following equation 
resulted: 
y= 15.01xi+0.033x2- 1.20 (10) 
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When stepwise multiple regression was used to see how much variation in soil EC could be 
explained by changes in soil water, temperature, and calcite content, the following equation 
resulted: 
y = 15.68xi +0.033x2-0.031x3-0.84 (11) 
where x, is soil volumetric water content, X2 is soil temperature, and X] is calcite content. 
Statistics for equations 9-11 are given in Table 4. The contribution of soil water content was 
over 2 orders of magnitude greater than the contribution of temperature in explaining the soil 
EC, a finding that is consistent with the analysis discussed previously when calcite content 
was held constant. Approximately 72% of the variation in soil EC was explained by changes 
in soil water and temperature. As with temperature, the regression coefficient for the 
contribution of soil water content to the soil EC was over two orders of magnitude greater 
than the regression coefficient for the contribution of calcite content in explaining soil EC, 
indicating that soil water content has a greater influence on soil EC than does calcite content. 
An interesting finding was that calcite content had a slightly negative correlation to 
soil EC. Each calcite treatment displaced progressively increasing amounts of clay. 
Table 4. Statistics for regression the regression models using all data. A total of 73 
observations were used in all models represented in this table. 
r2 
P-value P-value, SW P-value, temp P-value, cal P-value, 
Model* for the regression regression regression intercept 
model coefficient coefficient coefficient 
SW only 0.64 0.0001 0.0001 NU NU 0.066 
SW and temp 0.72 0.0001 0.0001 0.0001 NU 0.0001 
SW, temp, 0.79 0.0001 0.0001 0.0001 0.0001 0.0007 
and cal 
* - SW = soil volumetric water content, temp = soil temperature, and cal = calcite content 
NU - Not done for this regression 
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i.e., there was more clay in the 0% calcite treatment than there was in the 10% calcite 
treatment because 10% of the loess, by weight, was replaced by calcite, etc. The most 
common clays in Iowa soils are smectites, which have high cation exchange capacities. It is 
possible that the clays in this experiment contributed more ions to the soil solution than the 
calcite that replaced them in progressively increasing calcite treatments did given the pH of 
the system and the time allowed for system equilibration between soil EC readings, thus 
explaining the negative correlation between soil EC and calcite content. However, this is 
speculation, as no experiments were carried out to test this possibility. 
Conclusions 
When calcite content was held constant, soil water content explained between 78 and 
86% of the variation in soil EC in this experiment. Even when calcite content was allowed to 
vary, volumetric water content still explained 64% of the variation seen in soil EC. Multiple 
linear regression analysis indicates that the regression coefficient for the influence of soil 
water content on soil EC is at least two orders of magnitude greater than the regression 
coefficients for the influence of soil temperature or calcite content. Therefore, under the 
conditions studied, soil water content appears to be a major controlling factor of soil EC. 
These findings support the idea advanced in Chapter 2 of this dissertation that it may be 
possible to anticipate the range of soil EC readings for a given soil series on a given day, at 
least in soils such as those commonly found in central Iowa, by knowing the general state of 
soil moisture at the survey site. 
70 
Acknowledgements 
We thank John Tuthill and Wendling Quarries, Inc. for allowing us access to the Le 
Grand Quarry to collect the loess used in this study, Stan Henning for supplying the calcite 
source, Louis Moran for assistance gathering the loess, and Melissa Lauterbach for assistance 
in the laboratory analysis of the loess properties. 
References 
Brevik, E.G., T.E. Fenton, and D.B. Jaynes. 2000. Soil Sensing Techniques as Soil Survey 
Tools in Lacustrine-Derived Soils, Central Iowa, in Proceedings of the 5th International 
Conference on Precision Agriculture, in press. 
Doolittle, J.A., E. Ealy, G. Secrist, D. Rector, and M. Crouch. 1995. Reconnaissance Soil 
Mapping of a Small Watershed Using Electromagnetic Induction and Global Positioning 
System Techniques. Soil Survey Horizons 36(3): 86-94. 
Fenton, T.E., and M.A. Lauterbach. 1998. Soil Map Unit Composition and Scale of Mapping 
Related to Interpretations for Precision Soil and Crop Management in Iowa, in Proceedings 
of the Fourth International Conference on Precision Agriculture. P.C. Robert, R.H. Rust, and 
W.E. Larson (eds.). ASA, CSSA, SSSA, Madison, WI. pp 239-251. 
Heimovaara, T.J., A.G. Focke, W. Bouten, and J.M. Verstraten. 1995. Assessing Temporal 
Variations in Soil Water Composition with Time Domain Reflectometry. Soil Science 
Society of America Journal 59: 689-698. 
71 
Jacobsen, O.H., and P. Schjonning. 1993. A Laboratory Calibration of Time Domain 
Reflectometry for Soil Water Measurement Including Effects of Bulk Density and Texuture. 
Journal of Hydrology 151: 147-157. 
Jaynes, D.B. 1995. Electromagnetic Induction as a Mapping Aid for Precision Farming, in 
Conference Proceedings, Clean Water-Clean Environmental9 Century, Volume III. March 
5-8, Kansas City MO. ASAE, St Joseph, MI. pp 153-156. 
Jaynes, D.B. 1996a. Mapping the Areal Distribution of Soil Parameters with Geophysical 
Techniques. Application of GIS to the Modeling of Non-Point Source Pollutants in the 
Vadose Zone, SSSA Special Publication 48. SSSA, Madison, WI. pp 205-216. 
Jaynes, D.B. 1996b. Improved Soil Mapping Using Electromagnetic Induction Surveys, in 
Proceedings of the Third International Conference on Precision Agriculture. P.C. Robert, 
R.H. Rust, and W.E. Larson (eds.). ASA, CSS A, SSSA, Madison, WI. pp 169-179. 
Jaynes, D.B., T.S. Colvin, and J. Ambuel. 1993. Soil Type and Crop Yield Determinations 
from Ground Conductivity Surveys. Paper No. 933552, Proceedings of the 1993 Winter 
Meeting of the American Society of Agricultural Engineers, Dec. 14-17, Chicago, IL. ASAE, 
St Joseph, MI. 
72 
Khakural, B.R., P.C. Robert, and DR. Hugins. 1998. Use of Non-Contacting 
Electromagnetic Inductive Method for Estimating Soil Moisture Across a Landscape. 
Communications in Plant and Soil Analysis 29(11-14): 2055-2065. 
Lesch, S.M., J.D. Rhoades, L.J. Lund, and D.L. Corwin. 1992. Mapping Soil Salinity Using 
Calibrated Electromagnetic Measurements. Soil Science Society of America Journal 56: 540-
548. 
Lesch, S.M., J. Herrero, and J.D. Rhodes. 1998. Monitoring for Temporal Changes in Soil 
Salinity Using Electromagnetic Induction Techniques. Soil Science Society of America 
Journal 62: 232-242. 
McNeill, J.D. 1980. Electrical Conductivity of Soil and Rocks. Tech. Note TN-5. Geonics 
Ltd., Mississauga, Ontario, Canada. 
Nettleton, W.D., L. Bushue, J.A. Doolittle, T.J. Endres, and S.J. Indorante. 1994. Sodium-
Affected Soil Identification in South-Central Illinois by Electromagnetic Induction. Soil 
Science Society of America Journal 58: 1190-1193. 
Noborio, K, Mclnnes, K.J., and J.L. Heilman. 1994. Field Measurements of Soil Electrical 
Conductivity and Water Content by Time-Domain Reflectometry. Computers and Electronics 
in Agriculture 11: 131-142. 
73 
Persson, M., and R. Berndtsson. 1998. Texture and Electrical Conductivity Effécts on 
Temperature Dependancy in Time Domain Reflectometry. Soil Science Society of America 
Journal 62: 887-893. 
Sheets, K.R., and J.M.H. Hendrickx. 1995. Noninvasive Soil Water Content Measurement 
Using Electromagnetic Induction. Water Resources Research 31(10): 2401-2409. 
Soil Survey Staff. 1996. Soil Survey Laboratory Methods Manual. Soil Survey Investigations 
Report No. 42, Version 3.0. 693 p. 
Topp, G.C., J.L. Davis, and A.P. Annan. 1980. Electromagnetic Determination of Soil Water 
Content: Measurements in Coaxial Transmission Lines. Water Resources Research 16: 574-
582. 
Walter, N.F., G.R. Hallberg, and T.E. Fenton. 1978. Particle Size Analysis by Iowa State 
University Soil Survey Laboratory. In G.R. Hallberg (ed). Standard Procedure for Evaluation 
of Quaternary Materials in Iowa. Iowa Geological Survey, Iowa City, IA. p 31-60. 
Williams, B.G., and G.C. Baker. 1982. An Electromagnetic Induction Technique for 
Reconnaissance Surveys of Soil Salinity Hazards. Australian Journal of Soil Research 20: 
107-118. 
74 
Williams, B.G., and D. Hoey. 1987. The Use of Electromagnetic Induction to Detect the 
Spatial Variability of the Salt and Clay Contents of Soils. Australian Journal of Soil Research 
25: 21-27. 
Wollenhaupt, N.C., J.L. Richardson, J.E. Foss, and E.C. Doll. 1986. A Rapid Method for 
Estimating Weighted Soil Salinity From Apparent Soil Electical Conductivity Measured 
With An Aboveground Electromagnetic Induction Meter. Canadian Journal of Soil Science 
66:315-321. 
Wraith, J.M., S.D. Comfort, B.L. Woodbury, and W.P. Inskeep. 1993. A Simplified 
Waveform Analysis Approach for Monitoring Solute Transport Using Time-Domain 
Reflectometry. Soil Science Society of America Journal 57: 637-642. 
75 
CHAPTER 4. EFFECT OF DAILY SOIL TEMPERATURE FLUCTUATIONS ON 
SOIL ELECTRICAL CONDUCTIVITY AS MEASURED WITH THE 
GEONICS® EM 38 
A paper to be submitted to the Soil Science Society of America Journal 
Eric C. Brevik, Thomas E. Fenton, and Robert Horton 
Abstract 
Soil apparent electrical conductivity (EC) as measured by electromagnetic induction 
(EM) using the Geonics® EM-38 has shown promise as a soil survey tool in Iowa and other 
parts of the American Midwest. Soil temperature is one of the factors that influence soil EC 
readings, and temperature can fluctuate considerably in approximately the upper 10 cm of the 
soil during the course of any given day. Therefore, one of the questions regarding the use of 
the EM-38 as a soil survey tool is whether or not the soil EC values obtained with the EM-38 
are influenced by diurnal temperature variations. For this study, soil EC readings were taken 
with the EM-38 in both the horizontal and vertical dipole modes once an hour from 8 a.m. to 
8 p.m. on three separate days at four sites. Soil temperature readings were taken at the same 
time at 5, 10, 30, and 60 cm depths with an Omega Type-T thermocouple. Days selected for 
the study were forecast to be hot and sunny, giving the greatest opportunity for wide 
fluctuations in soil temperature that would lead to differences in the EM-38 readings caused 
by diurnal temperature influence. Readings from the EM-38 remained relatively steady at all 
four sites on all three days. Likewise, simple linear regression analysis when soil 
temperature in the upper 10 cm was plotted against soil EC yielded low r2 values and very 
low slopes, indicating little or no correlation between soil temperature in the upper 10 cm and 
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EC values. The results of this study indicate that diurnal changes in soil temperature do not 
influence soil EC readings as obtained with the EM-38. 
Introduction 
As the demand for more detailed soils information increases for use in applications 
such as precision farming, soil maps need to be more detailed and accurate than those 
traditionally produced by the National Cooperative Soil Survey (NCSS)(Batte, 2000). Grid 
mapping is generally regarded as one of the most accurate ways to map a field (Buol et al. 
1997), however, grid mapping is time consuming and expensive (Brevik et al., 2000a). 
Therefore, it is desirable to find other means of obtaining soil maps for precision agriculture 
purposes (Batte, 2000). A remote sensing technique that can differentiate soils with a high 
degree of accuracy would be ideal for precision agriculture mapping purposes and could also 
aid significantly in the daily operations of the NCSS. One technique that has shown promise 
as a mapping tool in Iowa is electrical conductivity (EC) measured by electromagnetic 
induction (EM) using the Geonics® EM-38 (Jaynes et al., 1993; Doolittle et al., 1995; Jaynes, 
1995; Jaynes, 1996a; Jaynes, 1996b; Fenton and Lauterbach, 1998; Brevik et al., 2000b). 
EM is a non-invasive technique that measures soil EC by inducing an electrical field 
in the soil. In the vertical dipole, the soil EC value given by the EM-38 integrates soil 
properties to a depth of about 1.5 m, while in the horizontal dipole soil properties are 
integrated to a depth of about 0.75 m (McNeill, 1980a). The EC of soil is determined by a 
combination of soluble salts, clay content and mineralogy, soil water content, and soil 
temperature (McNeill, 1980b). Soil temperature can vary considerably in approximately the 
upper 10 cm of the soil over the course of a day, but the amplitude of the diurnal wave 
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decreases rapidly as soil depth increases (Jury et al., 1991). Because large diurnal 
temperature fluctuations are only present at shallow depths in the soil, some researchers 
evaluating the EM-38 as a soil survey tool have assumed that soil temperature fluctuations 
will have a negligible influence on soil EC readings taken over the course of a single day 
(Brevik et al, 2000b; Jaynes, 1996b). However, during personal conversations others have 
questioned the validity of this assumption. When used in the horizontal dipole, the EM-38 is 
heavily influenced by properties at and very near to the soil surface (McNeill, 1992), and it is 
particularly possible that diurnal temperature fluctuations could influence horizontal 
readings. It is less likely that diurnal temperature fluctuations would influence vertical 
readings taken with the EM-38, as soil properties at and near the surface have much less 
influence on vertical readings (McNeill, 1992). 
A search of the literature has not turned up any studies that address this issue. If the 
EM-38 is to be used as a tool in soil investigations, it is important that we know for certain 
whether or not diurnal temperature fluctuations influence the data gathered. Therefore, this 
study was undertaken to investigate the possibility that diurnal temperature fluctuations in the 
soil may effect soil EC readings as determined with the Geonics® EM-38. 
Materials and Methods 
Four sites were established along a west-facing hillslope in a production field at the 
Iowa State University Sorenson Farm in Boone County, IA (Figure 1). Soils at the Sorenson 
Farm are formed in Des Moines lobe till and are part of the Clarion-Nicollet-Webster soil 
association. Specifically, the soil at site 1 was Webster (fine-loamy, mixed, superactive, 
mesic Typic Endoaquolls), at site 2 was Nicollet (fine-loamy, mixed, superactive, mesic 
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Aquic Hapludolls), at site 3 was Clarion (fine-loamy, mixed, superactive, mesic Typic 
Hapludolls), and at site 4 was a Clarion-Nicollet intergrade. 
Soil EC and temperature readings were taken at each site once an hour between 8 am 
and 8 pm on three separate days. Soil EC was measured using the Geonics® EM-38 in both 
the vertical and horizontal dipole positions. Soil temperature was measured with an Omega 
Type-T thermocouple at 5,10, 30, and 60 cm depths by pushing the tip of the thermocouple 
to the appropriate depth in the soil. These depths were chosen because they should give a 
good representation of how soil temperature changes at each site with depth over the course 
of a day. Soil temperature will typically vary considerably on many summer days at shallow 
depths (5 and 10 cm), moderately at slightly greater depths (30 cm), and only slightly below 
that (60 cm) (Jury et al., 1991). Because soil temperatures only vary slightly at or below 60 
cm over the course of a single day, it was decided that readings from greater depths were not 
needed for the purposes of this study. 
The days included in this study were days that were forecast to be hot and sunny, 
giving the best opportunity for a wide range of soil temperatures and therefore the best 
opportunity for conditions that might effect soil EC readings. The field was planted to 
soybeans, and all readings were taken before the soybeans formed a canopy sufficient to 
block sunlight from the inter-row space. All soil EC and temperature readings were taken 
from the bare soil exposed in the inter-row. 
For each site and each day the data were plotted in two ways. First, the data were 
plotted over the course of the day, from 8 am to 8 pm, so that the way each reading varied 
over the course of the study could be observed alongside the temperature fluctuations at each 
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Study Site 
DesMoines 
Figure 1. Location of the study site. 
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depth. Next, the soil temperature from the 5 and 10 cm depths was averaged for each of the 
observation times and that average was plotted against the corresponding soil EC reading. A 
linear regression analysis was then done to determine what, if any, contribution changes in 
soil temperature had in determining the soil EC value as measured with the EM-38. Only the 
5 and 10 cm temperature readings were used in this analysis because they were the only 
depths sampled that showed wide fluctuations in temperature over the course of a single day. 
Therefore, if soil EC readings as determined by the EM-38 are influenced by daily soil 
temperature variations, these are the intervals sampled in this study that would contribute to 
variation in the EM-38 readings. 
Results and Discussion 
Two of the three days that the study was conducted had ideal conditions to investigate 
whether or not daily temperature fluctuations influence soil EC readings as measured with 
the EM-38, with bright sunny skies and soil temperature fluctuations in excess of 10°C in the 
upper 5 cm. The remaining day was overcast for most of the day with only occasional sun, 
and temperature fluctuations were less than 5°C in the upper 5 cm. 
Figures 2-13 show the soil EC and temperature readings for each of the sites and 
days investigated by this study. Each of the figures displays a common trend; relatively 
steady soil EC readings in both the vertical and horizontal dipoles despite significant soil 
temperature fluctuations at the 5 and 10 cm depth intervals during two of the three days. In 
addition, the highest EC values recorded rarely correspond to the highest or lowest soil 
temperature values, although EC fluctuations were only slight. Note that the soil temperature 
record is not complete on the graphs for 6/9/00, which is due to failure of the thermocouple 
81 
Site 1,6/9/00 
50.0 
10.0 
8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 
Time of Day 
-Vertical Horizontal * Air M 5cm M 10cm # 30cm I 60cm, 
Figure 2. Soil temperature and EC readings throughout the day at Site 1 during the first day 
of the study. The y-axis values are in degrees Celsius for the temperature readings and in 
mS/m for the EC readings. In the key, vertical refers to EM readings taken with the meter in 
the vertical dipole, horizontal refers to readings taken in the horizontal dipole, Air refers to 
the air temperature, and 5,10,30, and 60 cm refers to the temperature at each respective 
depth in the soil. 
during the experiment on that date. However, the data collected prior to the thermocouple's 
failure clearly shows significant soil temperature fluctuations at the 5 and 10 cm depth 
increments over the course of that day. The air temperature fluctuations encountered over 
the course of this experiment are realistic for a normal working day in Iowa during the soil 
survey season. 
Figures 14-17 show average soil temperatures from the 5 and 10 cm depths plotted 
against the corresponding soil EC readings. Simple linear regression analysis was used on 
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Figure 3. Soil temperature and EC readings throughout the day at Site 1 during the second 
day of the study. Axis values and the key are the same as for Figure 2. 
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Figure 4. Soil temperature and EC readings throughout the day at Site 1 during the third day 
of the study. Axis values and the key are the same as for Figure 2. 
83 
Site 2,6/9/00 
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Figure 5. Soil temperature and EC readings throughout the day at Site 2 during the first day 
of the study. Axis values and the key are the same as for Figure 2. 
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Figure 6. Soil temperature and EC readings throughout the day at Site 2 during the second 
day of the study. Axis values and the key are the same as for Figure 2. 
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Figure 7. Soil temperature and EC readings throughout the day at Site 2 during the third day 
of the study. Axis values and the key are the same as for Figure 2. 
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Figure 8. Soil temperature and EC readings throughout the day at Site 3 during the first day 
of the study. Axis values and the key are the same as for Figure 2. 
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Figure 9. Soil temperature and EC readings throughout the day at Site 3 during the second 
day of the study. Axis values and the key are the same as for Figure 2. 
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Figure 10. Soil temperature and EC readings throughout the day at Site 3 during the third 
day of the study. Axis values and the key are the same as for Figure 2. 
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Figure 11. Soil temperature and EC readings throughout the day at Site 4 during the first day 
of the study. Axis values and the key are the same as for Figure 2. 
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Figure 12. Soil temperature and EC readings throughout the day at Site 4 during the second 
day of the study. Axis values and the key are the same as for Figure 2. 
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Figure 13. Soil temperature and EC readings throughout the day at Site 4 during the third 
day of the study. Axis values and the key are the same as for Figure 2. 
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Figure 14. Average soil temperature from 5 and 10 cm depths plotted against the 
corresponding soil EC values at Site 1. Note the overall flat sloping trend of this data. 
88 
42.0 
40.0 
!. 38.0 
I 
| 36.0 
O 
5 34.0 
32.0 
30.0 
Site 2 
D 
• • 
o O 
-AA-
• @ w 
• 
A A 
o oo 
X O X X 
X 
XK 
o X *a o O (§i 
x_ X 
% 
20.0 21.0 22.0 23 0 24.0 25.0 26.0 27.0 28.0 29.0 30.0 31.0 32.0 33.0 34.0 35.0 
Temperature (C) 
O Vertical 6/9/00 • Vertical 7/3/00 A Vertical 7/3/00 X Horizontal 6/9/00 X Horizontal 7/3/00 O Horizontal 7/12/00 ; 
Figure 15. Average soil temperature from 5 and 10 cm depths plotted against the 
corresponding soil EC values at Site 2. Note the overall flat sloping trend of this data. 
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Figure 16. Average soil temperature from 5 and 10 cm depths plotted against the 
corresponding soil EC values at She 3. Note the overall flat sloping trend of this data. 
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Figure 17. Average soil temperature from 5 and 10 cm depths plotted against the 
corresponding soil EC values at Site 4. Note the overall flat sloping trend of this data. 
the vertical and horizontal data for each day of the experiment; the slopes and r2 values for 
the trend lines are given in Table 1. Twenty-one of the 24 r2 values are below 0.50 and 15 of 
the 24 r2 values are below 0.25. Twenty of the 24 calculated slopes are less than |0.15|, and 
17 of the 24 calculated slopes are less than |0.10|. These results indicate that soil EC as 
measured with the EM-38 has very little, if any, linear dependence on daily temperature 
changes in the soil. To further check this, an F-test was run on each regression model to 
determine if the regression model was significant. The P-values from the F-test are shown in 
Table 1. Only seven of the 24 regression models would be significant at the 5% level of 
significance according to the F-test. 
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Table 1 - Slope and r2 values for each site and date when the average temperature in 
the upper 10 cm is plotted against soil EC values. 
Site Date Slope 
vertical 
r2 
vertical 
P-value, 
vertical 
model 
Slope 
horizontal 
r-2 
horizontal 
P-value, 
horizontal 
model 
1 6/9/00 -0.05 0.25 0.14 0.15 0.75 0.001 
7/3/00 0.01 0.01 0.82 -0.05 0.03 0.56 
7/12/00 -0.06 0.18 0.15 0.02 0.02 0.61 
2 6/9/00 -0.06 0.52 0.04 -0.03 0.04 0.62 
7/3/00 -0.12 0.30 0.05 -0.09 0.08 0.35 
7/12/00 -0.09 0.19 0.13 -0.06 0.08 0.36 
3 6/9/00 -0.03 0.39 0.10 0.05 0.11 0.42 
7/3/00 -0.15 0.40 0.02 0.03 0.01 0.70 
7/12/00 -0.10 0.21 0.11 -0.14 0.24 0.09 
4 6/9/00 0.003 0.01 0.81 0.09 0.88 0.001 
7/3/00 -0.22 0.41 0.02 -0.23 0.43 0.02 
7/12/00 -0.10 0.11 0.26 -0.08 0.08 0.35 
Conclusions 
Soil temperature can vary considerably in approximately the upper 10 cm of the soil 
over the course of a day, but the amplitude of the diurnal wave decreases rapidly as soil depth 
increases (Jury et al., 1991). The Geo nies® EM-38 integrates soil properties in the upper 
0.75 or 1.5 m of the soil, depending on whether the meter is used in the horizontal or vertical 
dipole respectively (McNeill, 1980a). Because large diurnal temperature fluctuations are 
only present at shallow depths in the soil, some researchers have assumed that soil 
temperature fluctuations will have a negligible influence on soil EC readings taken over the 
course of a single day (Brevik et aL, 2000b; Jaynes, 1996b). Results of this study indicate 
that such assumptions are valid. 
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Disclaimer 
Trade names or commercial products are given solely for the purpose of providing 
information on the exact equipment used in this study, and do not imply recommendation or 
endorsement by Iowa State University. 
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CHAPTER 5. THE EFFECT OF CHANGES IN BULK DENSITY ON SOIL 
ELECTRICAL CONDUCTIVITY AS MEASURED WITH THE EM-38 
A paper to be submitted to the Soil Science Society of America Journal 
Eric C. Brevik and Thomas E. Fenton 
Abstract 
Soil apparent electrical conductivity (EC) as measured by electromagnetic induction 
(EM) using the Geonics® EM-38 has shown promise as a soil survey tool in Iowa and other 
parts of the American Midwest. Preliminary studies have indicated that the EM-38 may 
respond to changes in the bulk density of the soil. Because management practices can affect 
soil bulk density and the distribution of bulk density within a field, it is likely that soil 
surveyors will encounter changes in bulk density within a given soil series during mapping 
and it is therefore important to understand the effects of changes in bulk density on readings 
obtained with the EM-38 if it is to be used as a tool in soil survey. For this study, three sites 
were chosen that have both compacted and relatively uncompacted soils present. The bulk 
density of both the compacted and uncompacted areas of each site was determined and soil 
EC was measured in the compacted and uncompacted portions of each site using the EM-38. 
EM-38 readings were statistically higher in the compacted soils at all three sites, as 
determined with a t-test. Simple linear regression analysis suggests that increases in soil EC 
are highly correlated to increases in bulk density (R2 = 0.9997). It is possible that bulk 
density increases of 0.13 g/cm3 or more could significantly influence interpretations made by 
soil survey specialists in the field using the EM-38 as a soil survey tool. 
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Introduction 
In recent years, there has been increasing demand for soils information more detailed 
than that found in traditional National Cooperative Soil Survey (NCSS) maps for use in 
applications such as precision farming and land valuation. A remote sensing technique that 
can differentiate soils rapidly and with a high degree of accuracy would be ideal for precision 
agriculture mapping purposes and could also aid significantly in the daily operations of the 
NCSS. Electrical conductivity (EC) measured by electromagnetic induction (EM) using the 
Geonics® EM-38 is a technique that has shown promise as a soil mapping tool in Iowa 
(Jaynes et al., 1993; Jaynes, 1995; Jaynes, 1996a; Jaynes, 1996b; Fenton and Lauterbach, 
1998; Brevik et al., 2000b). 
EM is a non-invasive technique that measures soil EC by inducing an electrical field 
in the soil. The EC of soil is determined by a combination of soluble salts, clay content and 
mineralogy, soil water content, and soil temperature (McNeill, 1980a). In the vertical dipole, 
the EM-38 integrates soil properties to a depth of about 1.5 m to obtain an apparent soil EC 
value, while in the horizontal dipole soil properties are integrated to a depth of about 0.75 m 
(McNeill, 1980b). 
Research has shown that changes in bulk density can alter soil electrical properties 
(Malicki et al., 1989; Rhoades and Corwin, 1990). Changes in bulk density are expected to 
change soil EC because more clay is packed into a unit volume of soil and the contact 
between soil particles is increased (Rhoades and Corwin, 1990). Changes in bulk density can 
also alter water relations in the soil; it takes less water to saturate a compacted soil as 
opposed to a relatively uncompacted soil, assuming the soils are otherwise similar, because 
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there is less pore space in the compacted soil. Therefore, there is reason to believe that 
changes in soil bulk density might influence soil EC measurements taken with the EM-38. 
Differences in management practices can lead to changes in bulk density within a 
field or between fields that contain otherwise similar soils (e.g., Chanasyk and Naeth, 1995; 
Franzluebbers et al., 1995; Walsh et al., 1996; Chen et al., 1998; Battikhi and Suleiman, 
1999). The EM-38 integrates a large volume of soil to depths of up to 1.5 m (McNeill, 
1980b), therefore, the first question is whether or not soil compaction by agricultural 
equipment, livestock, and other such means will effect soil EC readings as determined by the 
EM-38. Preliminary work has indicated that such compaction will increase EM-38 readings 
in both the horizontal and vertical dipole modes (Fenton et al., 1999; Nugteren et al., 1999), 
but the only work published in this area is in abstracts for presentations made at professional 
meetings. If bulk density does effect EM-38 readings, the second question becomes what is 
the relationship between change in bulk density and soil EC readings? This study seeks to 
address these two questions, with primary emphasis on the first. 
Materials and Methods 
Three separate sites were chosen for this study (Figure 1). The first site is on a 
preserved portion of the Mormon Trail in Clarke County, Iowa, and will be referred to as the 
Mormon Trail. It has been described by Brevik and Fenton (1999). The second site is in an 
abandoned farmyard in Emmons County, North Dakota, and will be referred to as the 
Wagner farm. It has been described by Brevik (2000). The third site is in one of the 
demonstration plots at the Iowa State University FEEL Lab in Boone County, Iowa, and will 
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Figure 1. Location of the three study sites, 1 - Mormon Trail, 2 - Wagner Farm, and 3 -
FEEL Lab. 
98 
be referred to as the FEEL Lab. The first two sites were chosen for this study because bulk 
density data was already available, the third site was chosen to expand the scope of the study. 
Soils along the Mormon Trail are members of the Sharpsburg series (fine, 
montmorillonitic, mesic Typic Argiudolls) and formed in deep loess on a summit position. 
Soils at the Wagner Farm are within the range of the Bryant series (fine-silty, mixed, 
superactive, frigid Typic Haplustolls). Bryant series soils formed in loess over a fairly stony 
till on a summit position. The FEEL Lab soils are within the range of the Webster series 
(fine-loamy, mixed, superactive, mesic Typic Endoaquolls) and formed in till on a toeslope 
position. Each she consists of an area of compacted soil alongside an area of relatively non-
compacted soil. Along the Mormon Trail, soil was compacted by the passage of wagon 
trains in the mid-1800s. At the Wagner Farm, soil was compacted by vehicle traffic into and 
out of the farmyard. At the FEEL Lab, soil was preferentially compacted over part of a 
demonstration plot by driving a larger tractor than was normally used for fieldwork back and 
forth over the area where compaction was desired. 
Bulk density was determined along the Mormon Trail and at the FEEL Lab using 
rings of known volume to collect soil cores which were then dried at 105°C for 24 hours 
(Soil Survey Staff, 1996). At the Wagner Farm, bulk density was determined using the 
paraffin-coated clod method (Blake and Hartge, 1986). Bulk density was determined in 5 cm 
depth increments at all sites to a depth of 20 cm along the Mormon Trail and to 25 cm at the 
Wagner Farm and FEEL Lab. The bulk density from 0 to 20-25 cm was then averaged, as if 
the bulk density of a 20-25 cm deep core had been determined. Bulk density was determined 
at paired locations (compacted paired with uncompacted) at each of the three study sites, 
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with two bulk density samples being collected from each depth increment. So, for example, 
bulk density was determined at the FEEL Lab at 3 paired locations, twice at each location, in 
5 cm depth increments, giving at total of 60 bulk density samples (30 from compacted soils 
and 30 from uncompacted soils). Corresponding 5 cm increments were then grouped and 
their bulk densities averaged as if bulk density had been determined for a total of six 0-25 cm 
cores in the compacted soils and six 0-25 cm cores in the uncompacted soils (giving a total of 
12 bulk density observations at the FEEL Lab). The same basic procedure was followed 
along the Mormon Trail and at the Wagner Farm. Differences in bulk density method and 
depth of determination were due to the fact that the bulk density data along the Mormon Trail 
and at the Wagner Farm were originally collected for separate studies addressing other 
issues. Soil EC readings were collected using the EM-38 in the vertical dipole mode at each 
of the three sites. Mean values for bulk density and EM-38 readings were compared using a 
t-test. 
To investigate the relationship between change in bulk density and soil EC reading, 
the mean bulk density for the control soils was subtracted from the mean bulk density for the 
compacted soils and that difference was plotted against the difference between the EM-38 
readings, determined in the same way. Simple linear regression analysis was used to 
determine how useful changes in bulk density might be in predicting corresponding changes 
in EM-38 readings. 
Results and Discussion 
The average bulk density values and EM-38 readings for each of the study sites are 
given in Tables 1 and 2, respectively. In all cases, the EM-38 readings were statistically 
Table 1. Average bulk density values at the study sites. 
Study Site Compacted 
Bulk Density 
(g/cm3) 
Standard 
Deviation 
(g/cm3) 
Non-compacted 
Bulk Density 
(g/cm3) 
Standard 
Deviation 
(g/cm3) 
Difference 
(g/cm3) 
Total 
obs.* 
P - value Significantly 
Different 
Mormon Trail 1.30 0.05 1.16 0.07 0.14 16 0.0003 yes 
Wagner Farm 1.34 0.12 1.19 0.05 0.15 10 0.027 yes 
FEEL Lab 1.20 0.06 1.09 0.06 0.11 12 0.012 yes 
* - total compacted plus non-compacted observations 
Table 2. Average EM-38 readings at the study sites. 
Study Site Compacted Standard Non-compacted Standard Difference Total P - value Significantly 
EM Readings Deviation EM Readings Deviation (mS/m) obs.* Different 
(mS/m) (mS/m) (mS/m) (mS/m) 
Mormon Trail 53.8 6.7 46.3 4.2 7.5 30 0.0004 yes 
Wagner Farm 55.6 3.9 46.0 5.5 9.6 34 0.0001 yes 
FEEL Lab 49.9 0.9 48.2 1.0 1.7 56 0.0001 yes 
* - total compacted plus non-compacted observations 
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higher in the soils that had the higher bulk density values. At the Mormon Trail and Wagner 
Farm sites, every EM-38 value recorded in the compacted soils was higher than its 
corresponding non-compacted value. At the FEEL Lab site, where the difference in bulk 
density was not as great as at the first two sites, 25 of the 28 paired sites had higher EM-38 
readings in the compacted soils. There is a clear trend that indicates soil compaction does 
effect soil EC values as determined with the EM-38 in the vertical dipole mode. 
Furthermore, this trend holds true in different parent materials, different landscape positions, 
and in soils having different drainage classes. Because the EM-38 is more influenced by 
surficial properties in the horizontal dipole mode (McNeill, 1992), it is reasonable to assume 
that changes in bulk density related to management practices would also affect soil EC 
readings collected in the horizontal dipole. 
The relationship between change in bulk density and change in soil EC reading as 
determined with the EM-38 is shown in Figure 2. This study only investigates three sites, 
and therefore does not provide a rigorous evaluation of this relationship. However, the three 
sites that have been investigated give an r2 value of0.9997 when analyzed with simple linear 
regression (P-value for the regression = 0.011), despite the fact that the soils at the three sites 
have different parent materials, different drainage classes, differing levels of soluble salts 
within the solum, and are under different management practices. The high r2 value indicates 
there is a good chance that soil EC does increase in a linear fashion as bulk density increases, 
at least over the range of bulk density changes investigated in this study, and that additional 
and more rigorous evaluation of this relationship is needed. 
While the results of this study indicate that increased bulk density leads to increased 
soil EC as determined with the EM-38, not all increases in the EM-38's readings are 
Differences in EM-38 Readings as Affected by Bulk Density Differences 
12 0.13 0. 1  
Difference in Bulk Density (g/cmA3) 
Figure 2. Difference in EM-38 readings plotted against the difference in bulk density. 
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significant from the standpoint of using the EM-38 as a soil survey tool. Personal experience 
using the EM-38 in Iowa indicates that many soils have a soil EC range of approximately 15-
40 mS/m (Table 2, Chapter 2), depending upon the properties of the soils. Therefore, a 
change of about 1.7 mS/m, such as at the FEEL Lab, is not of great consequence in most 
instances to the soil surveyor in the field. However, changes of 7.5 or 9.6 mS/m, such as 
seen at the Mormon Trail and the Wagner Farm, are definitely large enough to effect the soil 
interpretations that might be made by a field soil scientist. Using the regression equation 
shown in Figure 2, it can be seen that the predicted difference in soil EC as determined with 
the EM-38 will be less than 4 mS/m when differences in bulk density are 0.12 g/cm3 or less, 
but will be over 5.5 mS/m when differences in bulk density are 0.13 g/cm3 or greater. 
Assuming that soil EC changes in excess of 5 mS/m will significantly effect soil 
interpretations made with the EM-38, this suggests that changes in bulk density must be 
approximately 0.12 to 0.13 g/cm3 before those changes will significantly effect 
interpretations being made by a field soil scientist using the EM-38 as a soil survey tool. 
Conclusions 
Bulk density can vary considerably within any particular soil given certain 
management practices, such as following the same wheel tracks in a production field, 
different tillage systems in adjoining fields, or along preferential travel routes utilized by 
cattle in a pasture. The results of this study indicate that increased bulk density in a given 
soil causes increased soil EC readings as determined with the EM-38. This study also 
indicates that there may be a linear relationship between increasing bulk density and the 
corresponding increase in soil EC, at least within the ranges of bulk density changes 
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investigated. Simple linear regression analysis suggests that bulk density changes on the 
order of 0.12 to 0.13 g/cm3 lead to changes in soil EC that could effect soil interpretations 
made in the field when using the EM-38 as a soil survey tool. 
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CHAPTER 6. EFFECT OF CROP RESIDUES ON EM-38 READINGS 
A paper to be submitted to the journal Precision Agriculture 
Eric C. Brevik and Thomas E. Fenton 
Abstract 
Soil apparent electrical conductivity (EC) as measured by electromagnetic induction 
(EM) using the Geonics® EM-38 has shown promise as a soil survey tool in Iowa and other 
parts of the American Midwest. Surveys made with the EM-38 often take place in the fall 
after harvest or in the spring prior to planting. Because of this, and because use of 
conservation tillage and other techniques that leave crop residues on the soil surface is 
prevalent in many parts of the United States, it is common for fields to have crop residues 
covering the soil surface when EM surveys are conducted. These residues might serve as an 
insulating material, decreasing the soil EC values obtained with the EM-38. To test this 
possibility, soil EC was determined at a total of 144 sites with three different types of residue 
cover (com, soybeans, and durum). The residue cover at each site was then brushed aside, 
and the soil EC was determined with bare ground exposed to the EM-38. On average, soil 
EC readings were 0.2 mS/m higher when the EM-38 was exposed to bare ground, and 68% 
of the bare ground readings were higher than the corresponding readings through crop 
residues. However, the 0.2 mS/m average difference is not significant when compared to the 
natural variation found in soil EC readings within any given soil series. Therefore, the 
results of this study indicate that soil EC values obtained with the EM-38 through crop 
residues are valid representations of the actual soil EC value. 
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Introduction 
As the use of precision farming technologies increases in agriculture, soil maps need 
to be more detailed and accurate than those available in traditional National Cooperative Soil 
Surveys. Grid mapping is generally regarded as one of the most accurate ways to map a field 
(Buol et al. 1997), but it is desirable to find other means of obtaining soil maps for precision 
agriculture purposes because of the time needed and expense incurred with grid mapping 
(Brevik et al., 2000a; Batte, 2000). A remote sensing technique that can differentiate soils 
with a high degree of accuracy would be ideal for precision agriculture mapping purposes. 
One technique that has shown promise as a possible accurate, inexpensive, and rapid 
mapping technique for precision agriculture purposes in the Midwest is electrical 
conductivity (EC) measured by electromagnetic induction (EM) using the Geonics® EM-38 
(Jaynes et al., 1993; Doolittle et al, 1995; Jaynes, 1995; Jaynes, 1996a; Jaynes, 1996b; 
Fenton and Lauterbach, 1998; Brevik et al., 2000b). Such a tool may also prove useful for 
National Cooperative Soil Survey purposes. 
EM is a non-invasive technique that measures soil EC by inducing an electrical field 
in the soil. The EC of soil is determined by a combination of soluble salts, clay content and 
mineralogy, soil water content, and soil temperature (McNeill, 1980). Soil temperature 
generally has a negligible influence if all readings for a given field are taken over the course 
of a single day (Chapter 4). 
To map fields in Iowa, the EM-38 has been linked to a GPS system and pulled behind 
a pickup truck or ATV on a special non-conducting trailer (Figure 1 ), with EC values 
recorded and linked to location every 1 to 3 seconds. The EM maps thus produced have 
shown good, though not perfect, correlation to soil maps in till-derived soils (Jaynes, 1995; 
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Jaynes. 1996b). In order to fully understand the patterns produced during these surveys it is 
important to understand the relative effect of various field conditions that may influence EM-
38 readings. 
EM surveys are usually conducted in the spring prior to planting or in the fall after 
harvest to avoid negative impacts on the crop. Because of this, and because use of 
conservation tillage and other techniques that leave crop residues on the soil surface is 
prevalent in many parts of the United States, it is common for fields to have crop residues 
covering the soil surface when EM surveys are conducted. It is possible that these crop 
Figure 1. The EM-38 set up to collect soils data in central Iowa. The trailer is 3 m long and 
constructed of all non-conducting materials, so that the EM-38 is never closer than 2 m to 
any metal objects. 
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residues could act as an insulating medium, thus lowering soil EC readings obtained with the 
EM-38. This is a topic not currently covered in the literature; the only study found 
addressing the application of EM techniques to crop stalks was one that attempted to use EM 
to determine the base-cutter height for a sugar cane harvester (Sam and Ridd, 1996). 
Therefore this study was designed to investigate the possibility that crop residue cover may 
affect EM-38 readings. 
Materials and Methods 
This study was conducted at two sites during the spring of2000 (Figure 2). Three 
different types of crop residues were present at the two sites. The first site is at the FEEL 
lab, a set of teaching and demonstration plots maintained by Iowa State University in Boone 
County, Iowa. The soils at the FEEL lab are formed in Wisconsinan age Des Moines Lobe 
till, and are in the Clarion-Nicollet-Webster soil association (CNWSA). Clarion soils are 
fine-loamy, mixed, superactive, mesic Typic Hapludolls, Nicollet soils are fine-loamy, 
mixed, superactive, mesic Aquic Hapludolls, and Webster soils are fine-loamy, mixed, 
superactive, mesic Typic Endoaquolls. Clarion soils tend to form on summit to shoulder 
positions, Nicollet soils on shoulders and backslopes, and Webster soils on footslopes or 
toeslopes. It is also common to find Harps soils (fine-loamy, mixed, superactive, mesic 
Typic Calciaquolls) on footslope positions in the CNWSA. All landscape positions referred 
to in this study are based on Ruhe's landscape elements model (Daniels and Hammer, 1992). 
EM readings were taken in both com and soybean residues at the FEEL plot. The sample 
sites were divided by both residue cover and landscape position, with readings being taken 
from backslope, footslope, and toeslope positions. 
113 
km 
Figure 2. Location of the sites used in this study. 1 - The Iowa State University FEEL lab 
2 - Emmons County, North Dakota. 
The second site is located in Emmons County, North Dakota, in the NW %, NW lA, 
Section 27, T. 134 N., R. 76 W. The she is on privately owned land and was planted to 
durum the year before this study (Figure 3). EM readings were only taken from the shoulder 
position at this site. The soil at this site is mapped as the Bryant series (fine-silty, mixed, 
superactive, frigid Typic Haplustolls), which are deep, well-drained, moderately permeable 
soils on till uplands covered with loess (Wroblewski and Lunde, 1980). The geology of the 
study area is characterized by an undulating to rolling till surface of low to moderate relief 
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Figure 3. Durum residue at the study site in Emmons County, North Dakota. Figure 3a 
shows the durum field sampled; Figure 3b shows a close-up of durum residue covering the 
soil surface. The box in Figure 3b shows a spot where the durum residues were brushed 
aside; the box is approximately 1 m long. 
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that is veneered to covered by loess (Bluemle, 1984). The youngest till at this site is Early 
Wisconsinan to possibly pre-Wisconsinan in age (Bluemle, 1984). Loess deposition began in 
this area during the late Wisconsinan and continued off and on through the late Holocene 
(Bluemle, 1984). 
At both of the sites, readings were taken by placing the EM-38 directly on top of the 
crop residues in the vertical dipole position. After recording the soil EC reading, the crop 
residues were brushed aside, and the EM-38 was placed directly on the soil surface to obtain 
the second EC reading (Figure 3). Means for each type of crop residue, subdivided by 
landscape position, were compared using a t-test with the statistical package embedded in 
Microsoft Excel 97. 
Results and Discussion 
The study sites were divided by landscape position because previous studies of Des 
Moines lobe soils have shown that soil properties that influence EC readings are influenced 
by landscape position (Fenton and Lauterbach, 1998). Soils located in lower landscape 
positions on the Des Moines lobe tend to have higher clay content and greater water content 
when compared to soils located higher on the landscape, and soils in the footslope position 
may contain soluble salts (Andrews and Dideriksen, 1981; Steinwand and Fenton, 1995; 
Burras and Scholtes, 1987). Therefore, soils located in low landscape positions on the Des 
Moines lobe tend to have higher EC readings than soils located in higher landscape positions 
(Fenton and Lauterbach, 1998). The study sites were divided by the type of crop residue 
because it was not known whether or not different types of residue would have different 
effects on the EM readings. 
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The statistical analyses for each type of crop residue and each landscape position are 
given in Tables 1 through 5. Only the readings for soybean residues on a backslope showed 
significant differences between the soil surface versus residue readings according to the t-
test. However, the average difference between these readings was only 0.4 mS/m. Data 
currently being collected to evaluate the variability in EM readings in Des Moines lobe soils 
indicates that this average difference is irrelevant when attempting to use the EM-38 to 
differentiate between soils, because the range of EC readings for any given soil is on the 
order of 15-40 mS/m (Brevik and Fenton, 2000). The average differences for the other 
residues and landscape positions evaluated ranged between 0.1 and 0.3 mS/m, none of which 
were significant differences. Therefore, neither landscape position or residue type was found 
to significantly influence average EC readings as determined by the EM-38 when data was 
collected through crop residues as opposed to with direct soil contact. 
The range in individual reading differences for the residues and landscape positions 
investigated in this study went from -3.1 (a negative value indicates that the reading taken 
through residue was higher than the reading taken with direct soil surface contact) to 2.4 
mS/m. Again, when compared to the variability of EM readings in Des Moines lobe soils 
(Brevik and Fenton, 2000), this range is insignificant. In all, 98 of the 144 paired readings, 
or 68%, had higher values when soil EC was measured with direct soil contact as opposed to 
through the crop residues. 
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Table 1. Comparison of EM-38 readings for soybean residue on a backslope, FEEL lab. 
Condition Ave. Reading Std. Dev. Observations P value Significantly 
(mS/m) (mS/m) Different? 
Residue 30.2 4.5 44 0.0001 yes 
No Residue 30.6 4.7 44 
Table 2. Comparison of EM-38 readings for soybean residue on a footslope, FEEL lab. 
Condition Ave. Reading Std. Dev. Observations P value Significantly 
(mS/m) (mS/m) Different? 
Residue 32.7 2.4 22 0.12 no 
No Residue 32.6 2.5 22 
Table 3. Comparison of EM-38 readings for corn residue on a footslope, FEEL lab. 
Condition Ave. Reading Std. Dev. Observations P value Significantly 
(mS/m) (mS/m) Different? 
Residue 36.7 2.4 22 0.09 no 
No Residue 37.0 2.9 22 
Table 4. Comparison of EM-38 readings for corn residue on a toeslope, FEEL lab. 
Condition Ave. Reading Std. Dev. Observations P value Significantly 
(mS/m) (mS/m) Different? 
Residue 47.0 3.6 44 0.16 no 
No Residue 47.2 3.9 44 
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Table 5. Comparison of EM-38 readings for durum residue on a shoulder, North 
Dakota. 
Condition Ave. Reading Std. Dev. Observations P value Significantly 
(mS/m) (mS/m) Different? 
Residue 55.0 2.4 12 0.26 no 
No Residue 55.2 2.3 12 
Conclusions 
The results of this study indicate that residue cover does lower soil EC readings as 
determined with the Geonics® EM-38. However, the magnitude of these lower readings is 
very small. The range of individual EC reading differences at the 144 sites sampled is only 
about 5.5 mS/m, and the average decrease is only about 0.2 mS/m. The differences between 
soil contact readings versus readings through crop residues are likely not significant when 
compared to the variability in EM-38 readings commonly encountered in soils. EM-38 
surveys are frequently conducted in the early spring or late fall, times when it is common to 
find significant residue cover on fields managed with conservation tillage techniques. The 
results of this study indicate that soil EC values obtained with the EM-38 through crop 
residues are valid representations of the actual soil EC value. In addition, the three different 
types of crop residues included in this study all caused very similar average declines in soil 
EC values. Therefore, the three crop residues included in this study are expected to have 
similar affects on the performance of the EM-38 when it is used as a soil survey tool. 
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CHAPTER 7. GENERAL SUMMARY AND CONCLUSIONS 
Many who engage in soil survey have long desired discovery of a remote sensing 
technique that differentiates individual soil series with a high degree of accuracy. In more 
recent years, as research in precision agriculture has begun, many other agricultural scientists 
have joined the ranks of the soil surveyors who are seeking remote sensing tools for soil 
mapping purposes. Over the years a number of geophysical techniques have been evaluated 
as possible soil survey tools in Iowa, such as seismic techniques and ground penetrating 
radar, but none of the methods evaluated to date have proven to be overly promising as soil 
survey tools in Iowa. Soil electrical conductivity (EC), as measured by the Geonics® EM-
38, has shown promise as a soil survey tool in Iowa, but most of the work done with the EM-
38 along these lines to date has involved comparing soil EC patterns to soil maps such as 
Order 1 or 2 soil surveys (Jaynes et al., 1993; Doolittle et al., 1994; Doolittle et al, 1995; 
Jaynes et al, 1995a; Jaynes et al., 1995b; Jaynes, 1996; Brevik et al., 2000). Before the EM-
38 can possibly be used as a soil survey tool, it is important that we understand how certain 
field conditions that might be encountered during the course of a typical soil survey affect 
soil EC readings obtained with the EM-38. Therefore, the purpose of this dissertation was to 
identify some field conditions that might affect the EM-38 and then conduct investigations to 
determine what, if any, affect those field conditions did in fact have. 
Chapter 2 looked at the relationships between soil water content and EM-38 readings 
along a typical Mollisol catena in central Iowa. The main purpose of the experiment reported 
on in Chapter 2 was to see if soil water content explained a large proportion of the variation 
that was seen in soil EC. Soil EC readings were taken at fixed sites once every one to two 
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weeks over the course of 2 summers, starting in June and ending in October. At the same 
time, soil samples were collected to a depth of 0.9 m for gravimetric water analysis. Linear 
regression analysis showed that changes in soil water content explained between 51 and 91% 
of the variation in soil EC, with 71% or more of the variation in soil EC being explained by 
soil water content at four of the five fixed sites. The site that had a r2 value less than 0.71 
also had the highest carbonate content of any of the sites; interactions between the carbonate, 
soil water, and temperature may explain the low r2 value. The high correlation between soil 
water content and soil EC values at four of the five sites suggests that it may be possible to 
set up a sliding scale for each soil series that would allow a soil surveyor to anticipate the 
range of soil EC readings that would be obtained for any given soil series based upon soil 
moisture conditions. 
Soil EC is a function of soil water content, clay content and mineralogy, soluble salts, 
and temperature (McNeill, 1980). Chapter 3 discusses a laboratory experiment using TDR 
probes to investigate the relationships between soil EC and soil water content, temperature, 
and carbonate content. Non-calcareous loess was used as a base material to prepare 
treatments of varying soil water and carbonate contents. These treatments were then placed 
in a growth chamber, and the soil EC at various temperatures was determined. Within each 
carbonate treatment, soil EC was highly correlated to soil water content (r2 values ranged 
from 0.78 to 0.86). Multiple linear regression also revealed that the influence of soil water 
content in determining soil EC was at least two orders of magnitude greater than the 
influence of carbonate content or soil temperature. This experiment lended additional 
support to the idea that we may be able to anticipate the range of soil EC readings expected 
in a given soil series if general soil moisture conditions are known. 
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Although it appears that soil water content exerts a large influence over soil EC, 
temperature also controls soil EC to some extent (McNeill, 1980), and temperature can 
fluctuate considerably in the upper 10 cm or so of the soil over the course of a day. Because 
of this, there has been some concern that diurnal temperature fluctuations in the soil may 
influence soil EC readings taken with the EM-38 over the course of a single day. This 
possibility was investigated in Chapter 4. A transect consisting of four sites, at four different 
landscape positions, was established along a west-facing hillslope at the Iowa State 
University Sorenson farm. The transect was in a soybean field, and all readings were taken 
before the soybean canopy was sufficiently developed to shade the soil surface between the 
soybean rows. Soil EC and temperature readings were taken on three separate days, each of 
which was forecast to be hot and sunny. Although temperature fluctuations were as high as 
approximately 15°C in the upper 5 cm and about 10°C in the upper 10 cm of the soil during 
this experiment, soil EC values as determined with the EM-38 held steady over the course of 
each day. This suggests that diurnal soil temperature fluctuations do not effect readings 
obtained with the EM-38. 
As soil bulk density changes, the mass of clay per unit volume of soil increases and 
contact between soil particles may also increase. This, coupled with the knowledge that soil 
compaction is one of the largest concerns in modern mechanized agriculture (DeNeve and 
Hofinan, 2000; Plaster, 1997), lead to a concern that changes in soil bulk density across a 
field may effect soil EC values and thus soil interpretations made with the EM-38. This was 
tested in Chapter 5 by determining the average soil EC values measured by the EM-38 at 
three sites in paired soils that should be similar in all respects except for a change in bulk 
density. It was found that as soil bulk density increased, soil EC readings also increased, and 
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in some cases the increase in soil EC was enough that it may alter soil interpretations based 
on soil EC values. The effect of bulk density changes on soil EC as determined by the EM-
38 is an area that needs additional study. 
Many EM-38 surveys are conducted in the spring, before crops are planted, or in the 
fall, after harvest. Because of this, there is frequently a considerable amount of crop residue 
in parts of the field when EM-38 surveys are being done. This crop residue also tends to be 
variable in its cover; it may be several cm thick in one part of the field, while bare soil is 
exposed in other parts. There was concern that this variable residue cover may effect the soil 
EC readings collected with the EM-38, so this concern was investigated in Chapter 6. The 
possible effect of three different crop residues, com, soybean, and durum straw, was 
investigated by placing the EM-38 on top of the residue, recording the soil EC, then brushing 
the residue aside, placing the EM-38 directly on the soil surface, and again recording the soil 
EC. Differences in soil EC values obtained during this study are negligible from a soil 
survey perspective. 
Overall, the results of this dissertation can be summarized as follows: 
1) Soil water content was shown to be highly correlated to soil EC in most cases, and the 
influence of soil water is at least two orders of magnitude greater than the influence of 
temperature and carbonate content on soil EC. Therefore, we may be able to anticipate 
the range of soil EC readings for any given soil series if soil moisture conditions are 
known. Additional fieldwork is needed to establish soil EC ranges for Iowa soil series. 
2) Diurnal temperature fluctuations and crop residues covering the soil surface did not 
significantly effect soil EC readings obtained with the EM-38. Therefore, these do not 
appear to be factors of concern when conducting EM-38 surveys. 
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3) The changes in bulk density investigated during this study caused changes in soil EC, as 
determined with the EM-38, that would likely alter soil interpretations at 2 of the 3 study 
sites. The influence of bulk density on soil EC readings is therefore a concern, and more 
study is needed in this area. 
Having reached this point, there are some natural remaining questions. Chief among 
them for the soil surveyor are, can the EM-38 differentiate between soils, and can it help 
define the boundaries between soil units? This project was not intended for nor designed to 
expressly answer these questions. However, after having had the opportunity to conduct 
considerable field work with the EM-38 over the past two or three years, it is the opinion of 
the author that the answer the above questions is yes, in some instances. This answer is 
based really upon anecdotal evidence and observations rather than on the interpretation of 
quantitative data. One of the instances that stands out foremost is a trip to western Iowa, 
where the EM-38 was used in fields of loess-derived soils that overlay a paleosol and then 
till-derived soils. Moving down slope, the EM-38 gave readings that moved from EC values 
in the 40s near the summit grading to low 70s on the backslope, all these values occurring in 
loess-derived soils. Then, just as the paleosol-derived soils were encountered, soil EC values 
suddenly jumped into the 90s and higher. After moving across the paleosol and into the till-
derived soils, there was a similar sudden drop of approximately 15-20 mS/m. The breaks 
between loess and paleosol-derived soils and then paleosol and till-derived soils were very 
neatly demonstrated by the EM-38. Some may look at this example and say "so what? The 
loess-paleosol-till breaks should be easy for an experienced soil surveyor to pick out." The 
author, along with Dr. Thomas Fenton, used the EM-38 to check a field in western Iowa that 
had recently had an order 1 survey completed by an experienced field scientist. Many places 
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were found where the boundaries between the loess, paleosol, and till-derived soils would 
have been placed differently had the EM-38 been used. Use of the EM-38 in that field could 
have definitely helped in defining boundaries between at least some of the soils. 
Regardless, much work remains to be done before we will truly be ready to definitively 
say whether or not the EM-38 will be useful in the daily routine of the National Cooperative 
Soil Survey in Iowa. Hopefully this dissertation will serve as a starting point for that work. 
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APPENDIX A: ADDITIONAL DATA FOR CHAPTER 2 
Al. SOIL WATER CONTENTS AND EM-38 READINGS 
Site Date Vertical EM-38 
readings 
(mS/m) 
C11 23-Jun-99 28.4 
C11 28-Jun-99 27.6 
C11 08-Jul-99 26.2 
C11 13-Jul-99 26.4 
C11 29-Jul-99 26.3 
C11 06-Aug-99 24.3 
C11 11-Aug-99 24.6 
CI 1 14-Aug-99 24.6 
C11 26-Aug-99 28.4 
C11 08-Sep-99 27.4 
C11 17-Sep-99 24.3 
C11 OI-Oct-99 21.7 
C11 08-C)ct-99 21.1 
C11 08-Jun-00 21.9 
C11 22-Jun-00 22.8 
C11 29-Jun-00 24.0 
C11 11-Jul-00 22.8 
C11 24-Jul-00 21.2 
C11 01-Aug-00 20.3 
C11 15-Aug-OO 19.0 
CI 2 23-Jun-99 30 
CI 2 28-Jun-99 29.1 
CI 2 08-Jul-99 23.7 
CI 2 13-Jul-99 28 
CI 2 29-Jul-99 29.1 
CI 2 06-Aug-99 27.1 
CI 2 11-Aug-99 28.9 
CI 2 14-Aug-99 28 
CI 2 26-Aug-99 30.7 
CI 2 08-Sep-99 28.8 
CI 2 17-Sep-99 26.5 
CI 2 OI-Oct-99 22.9 
CI 2 OS-Oct-99 21.4 
CI 2 08-Jun-00 21.5 
CI 2 22-Jun-00 19.2 
CI 2 29-Jun-00 22.3 
Horizontal EM-38 Gravimetric soil 
readings water content 
(mS/m) 
24.0 25.05 
25.1 23.01 
20.8 24.27 
23.5 22.82 
24.6 22.25 
22.7 22.16 
22.6 22.59 
23.4 22.43 
24.8 23.52 
27.7 24.99 
21.8 21.15 
17.9 20.07 
17.5 20.15 
18.9 19.70 
19.0 15.14 
20.4 17.38 
19.6 15.72 
15.8 12.37 
15.4 14.72 
14.2 11.93 
26.7 22.34 
23.7 21.55 
21.9 22.95 
23.8 18.71 
25.7 20.12 
22.9 20.26 
24.5 22.21 
23.8 20.31 
25.6 21.05 
26.5 21.56 
20.5 18.22 
17.1 16.80 
16.3 16.61 
19.9 15.61 
19.8 15.98 
20.5 14.63 
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Cl 2 06-Jul-00 19.4 17.3 17.17 
Cl 2 11-Jul-00 20.0 23.2 16.20 
Cl 2 24-Jul-OO 19.4 14.8 13.58 
Cl 2 01-Aug-00 19.0 14.6 12.62 
Cl 2 11-Aug-00 18.8 14.2 12.81 
Cl 2 15-Aug-00 18.8 14.0 13.09 
Ni 23-Jun-99 45.6 41.5 25.87 
Ni 28-Jun-99 46.2 42.4 24.78 
Ni 08-Jul-99 44.1 39.4 24.08 
Ni 13-Jul-99 44.7 40.4 24.09 
Ni 29-Jul-99 47.3 42.1 23.56 
Ni Oô-Aug-99 44.3 38.5 22.23 
Ni 11-Aug-99 45.5 40.8 24.19 
Ni 14-Aug-99 46.1 39.8 24.51 
Ni 26-Aug-99 46.1 42.1 24.92 
Ni 08-Sep-99 44.3 39.8 24.44 
Ni 17-Sep-99 38.2 34 21.99 
Ni OI-Oct-99 33.2 26 22.55 
Ni 08-Oct-99 31 24.1 18.78 
Ni 08-Jun-00 32.9 28.1 18.37 
Ni 22-Jun-OO 30.5 28.6 17.41 
Ni 29-Jun-OO 30.8 30.3 19.50 
Ni OG-Jul-OO 29.2 29.3 18.64 
Ni 11-Jul-OO 31.4 32.3 18.58 
Ni 24-Jul-OO 26.1 20.9 16.40 
Ni 01-Aug-00 25.2 21.7 17.83 
Ni 11-Aug-00 23.2 18.3 14.35 
Ni 15-Aug-00 23.0 16.7 14.18 
K 23-Jun-99 70.5 64.8 30.41 
K 28-Jun-99 72.2 68.4 28.96 
K 08-Jul-99 69 68.6 28.01 
K 13-Jul-99 69.7 71.2 28.22 
K 29-Jul-99 74.5 68.9 28.36 
K 06-Aug-99 71.4 61.8 27.78 
K 11-Aug-99 71.9 69.4 28.46 
K 14-Aug-99 70.8 68.8 28.33 
K 26-Aug-99 72.8 70.2 30.03 
K 08-Sep-99 70 67.6 30.47 
K 17-Sep-99 61.6 51.7 26.68 
K OI-Oct-99 54.4 45.5 26.15 
K OS-Oct-99 52.2 42.2 25.80 
K 08-Jun-00 58.9 50.6 28.86 
K 22-Jun-OO 59.6 57.3 28.60 
K 29-Jun-OO 63.0 62.6 28.52 
K 06-Jul-00 66.3 64.3 28.95 
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K 11-Jul-OO 68.4 69.4 27.27 
K 24-Jul-OO 56.8 46.1 26.22 
K 01-Aug-00 60.1 47.7 27.94 
K 11-Aug-00 46.1 37.7 22.93 
K 15-Aug-00 45.1 35.4 21.94 
K 18-Aug-00 41.8 32.8 21.33 
K 24-Aug-00 41.8 31.0 20.33 
K 07-Sep-00 36.3 23.7 20.32 
Can 23-Jun-99 66.9 62.2 31.95 
Can 28-Jun-99 65.5 62 30.89 
Can 08-Jul-99 65.3 59.5 31.03 
Can 13-Jul-99 65.8 61.9 28.93 
Can 29-Jul-99 68.5 58.3 28.23 
Can Oô-Aug-99 68.1 56.3 27.79 
Can 11-Aug-99 69 59.3 29.42 
Can 14-Aug-99 67 59.3 29.30 
Can 26-Aug-99 68.4 62.2 31.57 
Can 08-Sep-99 68.4 64.3 31.25 
Can 17-Sep-99 58 48.1 27.43 
Can OI-Oct-99 51.2 41.3 25.93 
Can 08-C>ct-99 51 40.1 25.95 
Can 08-Jun-00 57.4 49.9 27.87 
Can 22-Jun-OO 58.7 51.4 29.15 
Can 29-Jun-OO 60.9 57.4 28.48 
Can 06-Jul-00 63.6 58.1 29.66 
Can 11-Jul-OO 65.2 63.5 29.67 
Can 24-Jul-OO 56.6 45.2 25.55 
Can 01-Aug-00 56.3 47.4 29.03 
Can 11-Aug-OO 49.1 38.3 23.40 
Can 15-Aug-00 50.3 39.8 29.19 
Can 18-Aug-OO 49.7 36.4 28.11 
Can 24-Aug-OO 49.8 35.6 26.33 
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A2. TEMPORAL DATA 
Site Date Vertical EM-38 Horizontal EM-38 
Readings (mS/m) Readings (mS/m) 
Cl 1 23-Jun 28.4 24 
Cl 1 28-Jun 27.6 25.1 
Cl 1 8-Jul 26.2 20.8 
Cl 1 13-Jul 26.4 23.5 
Cl 1 29-Jul 26.3 24.6 
Cl 1 6-Aug 24.3 22.7 
Cl 1 11-Aug 24.6 22.6 
Cl 1 14-Aug 24.6 23.4 
Cl 1 26-Aug 28.4 24.8 
Cl 1 8-Sep 27.4 27.7 
Cl 1 17-Sep 24.3 21.8 
Cl 1 1-Oct 21.7 17.9 
Cl 1 8-Oct 21.1 17.5 
Cl 1 8-Jun 21.9 18.9 
Cl 1 22-Jun 22.8 19.0 
Cl 1 29-Jun 24.0 20.4 
Cl 1 6-Jul 23.6 20.2 
Cl 1 11-Jul 22.8 19.6 
Cl 1 24-Jul 21.2 15.8 
Cl 1 1-Aug 20.3 15.4 
Cl 1 11-Aug 19.0 15.3 
Cl 1 15-Aug 19.0 14.2 
Cl 1 7-Sep 17.5 12.9 
Cl 1 18-Sep 15.7 11.6 
Cl 1 1-Oct 15.4 9.9 
Cl 2 23-Jun 30 26.7 
Cl 2 28-Jun 29.1 23.7 
Cl 2 8-Jul 23.7 21.9 
Cl 2 13-Jul 28 23.8 
Cl 2 29-Jul 29.1 25.7 
Cl 2 6-Aug 27.1 22.9 
Cl 2 11-Aug 28.9 24.5 
Cl 2 14-Aug 28 23.8 
Cl 2 26-Aug 30.7 25.6 
Cl 2 8-Sep 28.8 26.5 
Cl 2 17-Sep 26.5 20.5 
Cl 2 1-Oct 22.9 17.1 
Cl 2 8-Oct 21.4 16.3 
134 
Cl 2 8-Jun 21.5 19.9 
Cl 2 22-Jun 19.2 19.8 
Cl 2 29-Jun 22.3 20.5 
Cl 2 6-Jul 19.4 17.3 
Cl 2 11-Jul 20.0 23.2 
Cl 2 24-Jul 19.4 14.8 
Cl 2 1-Aug 19.0 14.6 
Cl 2 11-Aug 18.8 14.2 
Cl 2 15-Aug 18.8 14.0 
Cl 2 7-Sep 17.2 12.8 
Cl 2 18-Sep 14.6 11.1 
Cl 2 1-Oct 13.5 9.2 
Ni 23-Jun 45.6 41.5 
Ni 28-Jun 46.2 42.4 
Ni 8-Jul 44.1 39.4 
Ni 13-Jul 44.7 40.4 
Ni 29-Jul 47.3 42.1 
Ni 6-Aug 44.3 38.5 
Ni 11-Aug 45.5 40.8 
Ni 14-Aug 46.1 39.8 
Ni 26-Aug 46.1 42.1 
Ni 8-Sep 44.3 39.8 
Ni 17-Sep 38.2 34 
Ni 1-Oct 33.2 26 
Ni 8-Oct 31 24.1 
Ni 8-Jun 32.9 28.1 
Ni 22-Jun 30.5 28.6 
Ni 29-Jun 30.8 30.3 
Ni 6-Jul 29.2 29.3 
Ni 11-Jul 31.4 32.3 
Ni 24-Jul 26.1 20.9 
Ni 1-Aug 25.2 21.7 
Ni 11-Aug 23.2 18.3 
Ni 15-Aug 23.0 16.7 
Ni 7-Sep 21.8 15.4 
Ni 18-Sep 19.1 13.2 
Ni 1-Oct 17.8 12.0 
K 23-Jun 70.5 64.8 
K 28-Jun 72.2 68.4 
K 8-Jul 69 68.6 
K 13-Jul 69.7 71.2 
K 29-Jul 74.5 68.9 
K 6-Aug 71.4 61.8 
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K 11-Aug 71.9 69.4 
K 14-Aug 70.8 68.8 
K 26-Aug 72.8 70.2 
K 8-Sep 70 67.6 
K 17-Sep 61.6 51.7 
K 1-Oct 54.4 45.5 
K 8-Oct 52.2 42.2 
K 8-Jun 58.9 50.6 
K 22-Jun 59.6 57.3 
K 29-Jun 63.0 62.6 
K 6-Jul 66.3 64.3 
K 11-Jul 68.4 69.4 
K 24-Jul 56.8 46.1 
K 1-Aug 60.1 47.7 
K 11-Aug 46.1 37.7 
K 15-Aug 45.1 35.4 
K 18-Aug 41.8 32.8 
K 24-Aug 41.8 31.0 
K 7-Sep 36.3 23.7 
K 18-Sep 28.4 18.7 
K 1-Oct 26.1 16.6 
Can 23-Jun 66.9 62.2 
Can 28-Jun 65.5 62 
Can 8-Jul 65.3 59.5 
Can 13-Jul 65.8 61.9 
Can 29-Jul 68.5 58.3 
Can 6-Aug 68.1 56.3 
Can 11-Aug 69 59.3 
Can 14-Aug 67 59.3 
Can 26-Aug 68.4 62.2 
Can 8-Sep 68.4 64.3 
Can 17-Sep 58 48.1 
Can 1-Oct 51.2 41.3 
Can 8-Oct 51 40.1 
Can 8-Jun 57.4 49.9 
Can 22-Jun 58.7 51.4 
Can 29-Jun 60.9 57.4 
Can 6-Jul 63.6 58.1 
Can 11-Jul 65.2 63.5 
Can 24-Jul 56.6 45.2 
Can 1-Aug 56.3 47.4 
Can 11-Aug 49.1 38.3 
Can 15-Aug 50.3 39.8 
Can 18-Aug 49.7 36.4 
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Can 24-Aug 49.8 35.6 
Can 7-Sep 46.9 32.8 
Can 18-Sep 36.6 27.9 
Can 1-Oct 39.5 24.9 
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APPENDIX B: ADDITIONAL DATA FOR CHAPTER 3 
TDR DATA 
Date Probe Carbonate Temperature Average Soil EC 
Number (%) Water 
Content 
(mS/m) 
08/19/00 4 0 10 0.05 0.436 
08/18/00 4 0 20 0.06 0.444 
08/17/00 4 0 30 0.06 0.462 
08/16/00 4 0 40 0.06 0.465 
08/12/00 2 0 10 0.08 0.961 
08/11/00 2 0 20 0.08 1.246 
08/13/00 2 0 30 0.09 1.637 
08/14/00 2 0 40 0.09 1.879 
08/19/00 2 0 10 0.17 1.791 
08/23/00 4 0 10 0.17 1.694 
08/18/00 2 0 20 0.17 2.328 
08/22/00 4 0 20 0.18 2.104 
08/17/00 2 0 30 0.18 2.899 
08/21/00 4 0 30 0.19 2.548 
08/16/00 2 0 40 0.20 3.47 
08/23/00 2 0 10 0.21 2.026 
08/21/00 2 0 30 0.21 3.353 
08/22/00 2 0 20 0.22 2.646 
08/20/00 2 0 40 0.22 3.969 
08/12/00 4 10 10 0.05 0.476 
08/11/00 4 10 20 0.06 0.463 
08/13/00 4 10 30 0.06 0.49 
08/14/00 4 10 40 0.07 0.505 
08/12/00 6 10 10 0.12 1.096 
08/11/00 6 10 20 0.12 1.283 
08/13/00 6 10 30 0.12 1.602 
08/14/00 6 10 40 0.12 1.734 
08/23/00 6 10 10 0.16 1.808 
08/22/00 6 10 20 0.17 2.403 
08/21/00 6 10 30 0.17 3.024 
08/20/00 6 10 40 0.18 3.69 
08/19/00 6 10 10 0.21 2.821 
08/18/00 6 10 20 0.22 3.744 
08/17/00 6 10 30 0.22 4.772 
08/16/00 6 10 40 0.23 5.94 
08/12/00 7 20 10 0.06 0.36 
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08/11/00 7 20 20 0.07 0.365 
08/13/00 7 20 30 0.07 0.384 
08/14/00 7 20 40 0.07 0.399 
08/12/00 8 20 10 0.09 0.652 
08/11/00 8 20 20 0.09 0.761 
08/13/00 8 20 30 0.10 0.962 
08/14/00 8 20 40 0.10 1.1 
08/12/00 9 20 10 0.14 1.263 
08/11/00 9 20 20 0.14 1.6 
08/13/00 9 20 30 0.15 2.067 
08/14/00 9 20 40 0.15 2.261 
08/19/00 8 20 10 0.20 2.048 
08/18/00 8 20 20 0.20 2.661 
08/17/00 8 20 30 0.20 3.255 
08/16/00 8 20 40 0.21 3.935 
08/18/00 9 20 20 0.23 3.24 
08/19/00 9 20 10 0.24 2.436 
08/17/00 9 20 30 0.24 4.102 
08/16/00 9 20 40 0.24 5.042 
08/11/00 10 30 20 0.05 0.474 
08/13/00 10 30 30 0.05 0.499 
08/21/00 10 30 30 0.05 0.48 
08/14/00 10 30 40 0.06 0.511 
08/12/00 10 30 10 0.09 0.455 
08/19/00 7 30 10 0.13 0.619 
08/18/00 7 30 20 0.13 0.724 
08/17/00 7 30 30 0.14 0.855 
08/16/00 7 30 40 0.15 1.028 
08/19/00 10 30 10 0.21 1.478 
08/18/00 10 30 20 0.22 1.841 
08/17/00 10 30 30 0.22 2.25 
08/23/00 7 30 10 0.23 1.431 
08/22/00 7 30 20 0.23 1.822 
08/16/00 10 30 40 0.23 2.673 
08/21/00 7 30 30 0.24 2.206 
08/20/00 7 30 40 0.25 2.557 
08/22/00 10 30 20 0.30 2.823 
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APPENDIX C: ADDITIONAL DATA FOR CHAPTER 4 
DIURNAL TEMPERATURE AND EM-38 DATA 
06/09/ Temp degrees C 
2000 
Site Time EM Vert EM Horiz Air 5 cm 10 cm 30 cm 60 cm 5/10 ave 
8:00 44.1 39.6 24.2 21.0 20.5 20.2 17.6 20.8 
9:00 44.1 39.7 25.8 23.7 21.5 20.8 17.6 22.6 
10:00 43.5 39.5 27.1 24.4 21.9 20.5 17.6 23.2 
11:00 43.3 40.0 30.4 28.1 23.1 20.4 17.6 25.6 
12:00 43.2 40.0 30.8 29.8 24.5 20.2 17.5 27.2 
13:00 43.0 40.1 32.2 31.7 26.2 20.4 17.5 29.0 
14:00 43.3 40.3 32.3 316 27.0 20.4 17.4 29.3 
15:00 43.7 41.3 32.9 32.3 28.0 20.5 17.3 30.2 
16:00 43.6 40.8 32.2 32.8 28.7 21.1 17.5 30.7 
17:00 43.6 41.3 32.3 33.3 29.3 21.6 17.7 31.3 
18:00 43.7 41.5 31.2 
19:00 43.8 41.2 31.2 
20:00 44.0 41.4 28.5 
8:00 36.3 33.2 24.2 21.0 20.8 21.0 17.8 20.9 
9:00 36.4 32.0 25.8 23.1 21.7 21.1 18.1 22.4 
10:00 35.9 31.6 27.1 25.1 22.8 21.2 18.3 24.0 
11:00 35.8 32.2 30.4 27.2 23.7 21.1 18.3 25.5 
12:00 35.7 31.9 30.8 29.2 25.0 20.7 18.1 27.1 
13:00 35.7 31.9 32.2 29.8 26.3 20.9 18.3 28.1 
14:00 35.7 32.1 32.3 30.7 26.2 20.8 17.9 28.5 
15:00 36.0 32.7 32.9 32.3 27.6 20.9 17.8 30.0 
16:00 35.8 32.6 32.2 
17:00 35.6 32.3 32.3 
18:00 35.9 32.5 31.2 
19:00 36.0 32.8 31.2 
20:00 35.9 32.7 28.5 
8:00 28.9 25.8 24.2 22.0 21.1 21.2 17.9 21.6 
9:00 29.1 26.9 25.8 24.2 21.7 21.1 17.9 23.0 
10:00 29.0 26.9 27.1 25.8 22.6 21.1 18.1 24.2 
11:00 29.0 26.4 30.4 27.0 23.4 21.0 18.1 25.2 
12:00 28.9 26.5 30.8 29.0 24.8 20.9 17.9 26.9 
13:00 28.8 26.1 32.2 30.8 25.9 21.0 18.1 28.4 
14:00 28.6 26.6 32.3 31.3 27.2 21.0 17.8 29.3 
15:00 28.9 27.1 32.9 32.6 28.1 21.0 17.5 30.4 
16:00 28.6 26.9 32.2 
17:00 28.4 26.7 32.3 
18:00 28.5 26.8 31.2 
19:00 28.5 26.7 31.2 
20:00 28.4 26.7 28.5 
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8:00 32.5 27.1 24.2 22.2 21.2 20.9 17.6 21.7 
9:00 32.7 27.3 25.8 23.4 21.7 20.8 17.6 22.6 
10:00 32.7 27.2 27.1 26.8 22.9 20.8 17.7 24.9 
11:00 32.7 27.4 30.4 28.1 23.8 20.9 17.7 26.0 
12:00 32.6 27.6 30.8 28.2 25.4 20.6 17.7 26.8 
13:00 32.7 27.7 32.2 30.2 25.7 20.8 17.8 28.0 
14:00 32.5 27.7 32.3 31.9 26.5 20.7 17.8 29.2 
15:00 32.7 27.9 32.9 31.9 27.8 20.6 17.8 29.9 
16:00 32.5 27.7 32.2 
17:00 32.2 27.3 32.3 
18:00 32.2 27.7 31.2 
19:00 32.2 27.3 31.2 
20:00 32.0 27.1 28.5 
8:00 45.4 44.6 23.5 21.9 21.3 21.5 19.5 21.6 
9:00 45.4 44.1 23.5 23.1 22.1 21.7 19.7 22.6 
10:00 45.8 44.9 24.1 23.7 22.6 21.8 19.8 23.2 
11:00 45.4 44.8 27.5 25.6 23.5 22.0 20.1 24.6 
12:00 45.4 44.3 26.0 26.5 23.9 21.6 19.9 25.2 
13:00 45.6 43.9 27.3 26.2 24.3 21.6 19.9 25.3 
14:00 45.5 44.6 26.6 26.1 24.5 21.6 19.9 25.3 
15:00 45.7 44.1 26.0 26.0 24.8 21.9 19.9 25.4 
16:00 45.5 44.6 25.0 26.1 25.0 22.0 19.9 25.6 
17:00 45.3 44.8 25.0 25.4 24.6 21.7 19.7 25.0 
18:00 45.5 44.2 24.6 25.1 24.5 21.8 19.6 24.8 
19:00 45.4 44.3 27.5 25.2 24.4 21.9 19.7 24.8 
20:00 45.2 44.2 24.0 24.3 24.2 22.0 19.8 24.3 
8:00 37.6 34.6 23.5 22.0 21.4 21.7 19.8 21.7 
9:00 37.5 34.3 23.5 23.1 22.2 21.6 19.8 22.7 
10:00 37.4 34.8 24.1 23.8 22.6 21.7 20.0 23.2 
11:00 37.2 35.1 27.5 25.1 23.3 21.7 20.0 24.2 
12:00 37.2 34.6 26.0 25.7 23.7 21.6 20.0 24.7 
13:00 37.2 34.4 27.3 26.2 24.4 21.6 19.8 25.3 
14:00 37.1 34.2 26.6 26.0 24.7 21.7 19.8 25.4 
15:00 37.3 34.3 26.0 26.1 24.8 21.8 19.9 25.5 
16:00 37.2 34.3 25.0 25.8 24.8 21.8 19.9 25.3 
17:00 37.1 34.6 25.0 25.2 24.5 21.9 19.9 24.9 
18:00 37.2 34.1 24.6 25.1 24.5 22.0 19.8 24.8 
19:00 37.0 33.8 27.5 25.1 24.4 22.0 19.8 24.8 
20:00 36.6 33.7 24.0 24.4 24.2 22.0 19.9 24.3 
8:00 30.7 27.9 23.5 22.4 21.8 22.0 19.9 22.1 
9:00 30.4 27.8 23.5 23.4 22.3 21.9 19.8 22.9 
10:00 30.4 27.2 24.1 24.2 23.0 21.9 20.0 23.6 
11:00 30.2 27.9 27.5 25.8 23.4 22.0 20.1 24.6 
12:00 30.0 27.4 26.0 26.5 24.2 21.8 20.0 25.4 
13:00 30.2 27.5 27.3 26.4 24.7 21.7 19.9 25.6 
14:00 30.1 27.9 26.6 26.1 24.8 21.9 19.8 25.5 
15:00 30.2 27.9 26.0 26.1 25.0 21.9 20.0 25.6 
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16:00 30.0 27.5 25.0 26.0 25.0 22.0 19.9 25.5 
17:00 30.1 27.7 25.0 25.6 24.8 22.0 19.7 25.2 
18:00 30.2 27.6 24.6 25.2 24.7 22.0 19.7 25.0 
19:00 29.9 27.5 27.5 25.2 24.5 22.2 19.9 24.9 
20:00 29.6 27.2 24.0 24.5 24.4 22.1 19.9 24.5 
8:00 34.7 29.2 23.5 22.7 21.8 21.8 19.5 22.3 
9:00 34.3 28.5 23.5 23.8 22.8 22.0 19.8 23.3 
10:00 34.1 28.9 24.1 24.4 22.9 21.7 19.8 23.7 
11:00 34.0 28.2 27.5 25.7 23.6 21.7 19.9 24.7 
12:00 33.9 28.4 26.0 26.2 24.1 21.6 19.8 25.2 
13:00 34.0 28.6 27.3 26.2 24.6 21.7 19.8 25.4 
14:00 33.8 28.2 26.6 26.0 24.7 21.7 19.9 25.4 
15:00 34.0 28.2 26.0 26.2 25.0 21.8 19.8 25.6 
16:00 33.7 28.4 25.0 25.7 24.7 21.9 19.8 25.2 
17:00 33.8 28.2 25.0 25.4 24.7 22.0 19.6 25.1 
18:00 33.9 28.6 24.6 25.0 24.5 22.1 19.8 24.8 
19:00 33.7 28.3 27.5 25.0 24.4 22.0 19.7 24.7 
20:00 33.3 27.9 24.0 24.2 24.4 22.1 19.9 24.3 
8:00 48.6 45.3 28.2 23.2 21.8 22.2 20.8 22.5 
9:00 47.9 43.9 28.6 24.4 22.5 22.3 21.0 23.5 
10:00 47.7 44.4 30.1 26.6 23.8 22.4 21.2 25.2 
11:00 47.8 44.7 30.3 30.1 26.6 22.6 21.3 28.4 
12:00 48.7 45.6 32.1 32.5 25.9 21.7 20.5 29.2 
13:00 48.6 45.7 32.6 32.8 27.4 22.0 20.6 30.1 
14:00 47.9 45.2 31.5 36.0 30.2 22.6 21.1 33.1 
15:00 47.5 44.9 33.8 37.0 32.0 23.2 21.3 34.5 
16:00 47.6 44.5 33.1 34.2 30.7 23.1 21.0 32.5 
17:00 47.8 45.2 32.4 34.6 31.2 23.5 21.4 32.9 
18:00 47.3 44.4 31.8 33.4 31.1 24.0 21.4 32.3 
19:00 47.1 44.2 30.2 32.0 30.9 24.3 21.5 31.5 
20:00 47.2 44.2 26.5 29.8 29.8 24.4 21.2 29.8 
8:00 40.0 34.8 28.2 22.5 21.7 22.3 20.9 22.1 
9:00 38.8 33.8 28.6 24.2 22.5 22.3 21.0 23.4 
10:00 38.9 33.8 30.1 26.5 23.6 22.5 21.1 25.1 
11:00 38.7 33.7 30.3 29.7 25.4 22.3 21.0 27.6 
12:00 39.3 34.6 32.1 32.1 26.9 22.2 20.9 29.5 
13:00 39.4 34.6 32.6 34.9 28.5 22.3 20.9 31.7 
14:00 38.9 33.6 31.5 34.9 30.1 22.7 21.2 32.5 
15:00 38.2 33.6 33.8 35.6 30.3 23.0 21.2 33.0 
16:00 38.1 33.6 33.1 35.6 31.2 23.2 21.2 33.4 
17:00 38.3 33.5 32.4 35.2 31.5 23.4 21.1 33.4 
18:00 37.7 32.4 31.8 32.9 29.8 23.3 21.0 31.4 
19:00 37.4 32.4 30.2 30.3 29.8 24.1 21.0 30.1 
20:00 37.3 32.1 26.5 28.5 28.6 24.0 20.9 28.6 
8:00 32.9 26.8 28.2 23.4 21.9 22.3 20.7 22.7 
9:00 31.8 25.6 28.6 24.8 22.8 22.2 20.8 23.8 
10:00 31.8 25.8 30.1 27.7 24.1 22.4 21.2 25.9 
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11:00 31.7 25.7 30.3 30.5 25.3 22.2 20.8 27.9 
12:00 32.4 26.2 32.1 32.0 26.8 22.2 20.8 29.4 
13:00 32.3 26.2 32.6 34.2 28.7 22.4 21.0 31.5 
14:00 31.9 25.4 31.5 33.9 30.0 22.7 21.2 32.0 
15:00 31.3 25.1 33.8 35.7 30.4 22.8 21.2 33.1 
16:00 31.1 24.7 33.1 34.7 30.8 22.8 20.9 32.8 
17:00 31.2 24.6 32.4 34.4 30.8 23.2 20.9 32.6 
18:00 30.6 24.2 31.8 32.8 30.2 23.0 20.9 31.5 
19:00 30.7 23.9 30.2 30.5 30.1 23.6 20.9 30.3 
20:00 30.2 23.5 26.5 29.0 28.8 23.7 20.9 28.9 
8:00 33.7 29.1 28.2 23.0 22.0 22.2 20.6 22.5 
9:00 32.5 27.3 28.6 24.8 22.9 22.3 20.8 23.9 
10:00 32.5 27.7 30.1 27.4 23.9 22.3 20.7 25.7 
11:00 32.4 27.9 30.3 29.5 25.4 22.2 20.8 27.5 
12:00 33.3 28.6 32.1 32.3 27.4 22.5 20.9 29.9 
13:00 32.9 28.1 32.6 33.1 29.2 22.6 21.1 31.2 
14:00 32.3 27.3 31.5 34.5 29.6 22.7 21.0 32.1 
15:00 31.7 27.0 33.8 35.0 30.1 22.5 20.8 32.6 
16:00 31.6 27.3 33.1 34.6 30.5 22.9 20.9 32.6 
17:00 31.6 26.9 32.4 31.6 29.1 22.9 20.6 30.4 
18:00 30.9 26.6 31.8 30.7 29.4 23.3 20.6 30.1 
19:00 30.7 26.5 30.2 28.3 28.1 23.5 20.7 28.2 
20:00 30.7 25.8 26.5 27.2 27.3 23.6 20.8 27.3 
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APPENDIX D: ADDITIONAL DATA FOR CHAPTER 5 
BULK DENSITY AND EM-38 READINGS 
FEEL Lab 
Bulk density EM-38 readings 
Compacted Normal Compacted Normal 
treatment treatment treatment treatment 
0.81 1.10 46.6 50.3 
0.90 1.08 49.9 49.2 
1.27 1.03 51.1 48.2 
1.20 0.99 50.4 47.8 
1.27 1.18 48.4 49.2 
1.25 1.06 49.5 48.5 
1.12 1.11 51.2 48.7 
1.19 1.22 50.2 48.1 
1.31 1.12 50.0 47.7 
1.26 1.21 50.5 47.7 
1.24 1.20 49.9 47.6 
1.24 1.23 50.0 46.9 
1.24 0.90 51.1 47.6 
1.21 1.27 50.3 49.4 
1.17 1.02 48.6 49.8 
1.21 1.08 50.1 48.6 
1.32 1.13 50.7 47.6 
1.23 1.07 49.6 46.8 
1.15 1.05 49.4 48.5 
1.25 1.15 50.1 49.4 
1.21 1.09 50.1 49.5 
1.27 0.98 49.8 47.9 
1.26 1.17 50.0 47.0 
1.18 1.14 49.8 47.6 
1.26 1.09 49.9 47.4 
1.12 1.04 50.0 46.1 
1.15 0.91 51.3 47.2 
1.27 0.90 50.0 48.2 
1.22 1.06 
1.27 1.14 
Mormon Trail 
Bulk Density EM-38 readings 
On trail Off trail On-trail Off-trail 
0.99 0.98 49.8 44.7 
0.99 1.19 50 43.2 
1.41 1.24 49.3 43.1 
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1.38 1.2 45.7 42.5 
1.29 1.35 47.6 40.6 
1.46 1.23 53.1 42 
1.32 1.32 61.4 41.3 
1.43 1.25 64.7 42.9 
1.07 1.17 62 42.5 
1.04 1.24 54 42.7 
1.63 1.23 48.4 
1.53 1.28 49.7 
1.46 1.18 52.2 
1.21 1.23 49.3 
1.34 1.17 53.7 
1.39 1.25 50.8 
1.01 0.95 51.7 
1.16 0.86 48.3 
1.35 1.26 47.3 
1.33 1.27 49.3 
1.23 1.25 
1.38 1.03 
1.4 1.17 
1.34 1.15 
0.71 
0.81 
1.31 
1.28 
1.24 
1.32 
1.46 
1.13 
0.9 
0.96 
1.12 
1.32 
1.06 
1.11 
1.09 
1.17 
North Dakota site 
Bulk Density EM-38 readings 
Trail Off-trail Trail Off-trail 
1.33 1.03 53.5 40.2 
1.04 0.80 55.9 46.1 
1.26 0.71 55.5 41.9 
0.91 0.83 53.8 40.5 
0.89 0.75 
1.66 1.30 
1.38 1.04 
1.36 1.29 
1.31 1.17 
1.16 1.14 
1.54 1.27 
1.27 1.18 
1.45 1.27 
1.29 1.27 
1.31 1.50 
1.51 1.28 
1.42 1.31 
1.47 1.35 
1.31 1.23 
1.21 1.40 
1.55 1.24 
1.40 1.29 
1.41 1.33 
1.52 1.36 
1.56 1.49 
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50.2 35.8 
62.2 51.8 
63.6 50.8 
51.9 49.1 
57.4 42.3 
53 39.9 
55.1 39.4 
55.4 43.9 
48.9 
51.2 
47.3 
45.1 
38.7 
51.3 
54.3 
47.5 
54.2 
51.5 
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32.8 32.2 0.6 
33.8 34.3 -0.5 
35.0 34.1 0.9 
36.1 35.3 0.8 
36.2 36.0 0.2 
37.4 36.9 0.5 
Corn 
Footslope Toeslope 
No residue residue difference No residue residue difference 
34.1 33.9 0.2 36.7 37.6 -0.9 
32.8 33.3 -0.5 37.9 39.3 -1.4 
33.9 33.8 0.1 39.1 40.3 -1.2 
35.9 35.4 0.5 42.2 42.9 -0.7 
35.8 36.5 -0.7 46.6 48.6 -2.0 
35.8 36.3 -0.5 49.9 50.1 -0.2 
36.2 36.7 -0.5 51.1 50.7 0.4 
36.0 37.0 -1.0 50.4 49.6 0.8 
37.0 37.8 -0.8 48.4 49.4 -1.0 
36.5 37.6 -1.1 49.5 50.1 -0.6 
37.1 36.9 0.2 51.2 50.1 1.1 
40.6 39.9 0.7 50.2 49.8 0.4 
42.2 40.2 2.0 50.0 50.0 0.0 
42.0 40.1 1.9 50.5 49.8 0.7 
41.1 39.7 1.4 49.9 49.9 0.0 
40.6 38.9 1.7 50.0 50.0 0.0 
40.1 38.9 1.2 51.1 51.3 -0.2 
38.6 37.9 0.7 50.3 50.0 0.3 
36.2 36.2 0.0 47.6 46.1 1.5 
33.6 32.9 0.7 44.2 42.2 2.0 
33.8 34.0 -0.2 42.0 40.5 1.5 
33.8 33.7 0.1 40.0 39.3 0.7 
40.2 42.5 -2.3 
42.2 43.9 -1.7 
46.5 47.9 -1.4 
49.2 49.6 -0.4 
50.3 49.8 0.5 
49.2 48.6 0.6 
48.2 47.6 0.6 
47.8 46.8 1.0 
49.2 48.5 0.7 
48.5 49.4 -0.9 
48.7 49.5 -0.8 
48.1 47.9 0.2 
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47.7 47.0 0.7 
47.7 47.6 0.1 
47.6 47.4 0.2 
46.9 46.1 0.8 
47.6 47.2 0.4 
49.4 48.2 1.2 
51.3 50.2 1.1 
51.2 48.8 2.4 
47.0 45.0 2.0 
43.8 42.9 0.9 
Durum 
Shoulder 
idue residue difference 
50.1 50.3 0.2 
52.5 53.3 0.8 
56 56.3 0.3 
55 56 1 
53.4 53.9 0.5 
53.7 54 0.3 
54.2 55 0.8 
57.3 58.2 0.9 
58.6 58.9 0.3 
55.6 55.7 0.1 
55.1 55.5 0.4 
58.1 55 -3.1 
